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Foreword 377988

In 1973 two chronic forest insect problems, the gypsy moth in the Northeast and
the southern pine beetle in the South, were severe. The tussock moth outbreak in
the Pacific Northwest was climaxing that year as well. The extensive damage
caused by these three insects caused national concern in the private as well as in
the public sector. In August 1973 the Assistant Secretary for Conservation,
Research, and Education, U.S. Department of Agriculture, requested that four
agricultural agencies—the Agricultural Research Service, the Animal and Plant
Health Inspection Service, the Cooperative State Research Service, and the
Forest Service—develop coordinated short-term programs to reduce damage
caused by the three pests. The Congress provided the necessary funds for the
Combined Forest Pest Research and Development Program in a special
appropriation bill signed by the President in August 1974. A program board, the
members of which were the heads of these four agencies and four knowlegeable
administrators from research and user groups, participated in the planning and
reviewed annual plans of work and budgets. Overall coordination of the three-
pest program was provided by the Office of the Secretary.

Transfer of technology resulting from the three CFPP programs was of major
concern to this office. Program managers were directed to plan for the most
effective means of getting knowledge gained in the program to the planners and
managers who needed it. One of several methods chosen was to assemble all
known information on the insect into a single source—this book.

The Gypsy Moth: Research Toward Integrated Pest Management is the effort of
many scientists from the Department of Agriculture, universities, and State
agencies. Although it does not contain all the answers to the gypsy moth
problem, it does contain new or improved methods for control. Equally
important, this work defines continuing research and development needs essential
to improve further the methods of coping with this destructive insect. The quality
and amount of sound and useful information presented in this compendium
demonstrate the value of cooperative research by Federal, State, and university
scientists and practitioners representing a variety of disciplines and experience.
Such research must continue, however, if we are ultimately to provide effective
protection to our forest resources through fully integrated pest management

systems.
W

M. Rupert Cutler
Assistant Secretary for Natural
Resources and Environment
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Introduction

Michael L. McManus and Thomas Mclntyre
The Problem

The gypsy moth, Lymantria dispar L., is now well
established as a serious defoliator of forest, shade, and
fruit trees and ornamentals over much of the
Northeastern United States. The gypsy moth is the
only forest insect under regulation of a U.S. Depart-
ment of Agriculture Federal Domestic quarantine.
Since its accidental introduction into this country
from Europe in the late 1860’s, this insect has received
singular attention from research, regulatory, and
control specialists of many disciplines. Possibly no
other forest insect has been studied as thoroughly or
has been the target of such intense containment,
control, or eradication strategies.

Despite all efforts, the gypsy moth has persisted and
continues to extend its range. The insect is now
generally distributed throughout the State of
Pennsylvania to the west and through most of the
State of Maryland to the south. Additionally, isolated
infestations now exist in the States of Ohio, North and
South Carolina, Virginia, West Virginia, Wisconsin,
Michigan, and Washington.

Within the generally infested area, gypsy moth
numbers fluctuate widely in time and place in almost
unpredictable fashion and in response to a diversity of
factors and processes. The insect possesses many
attributes that appear to have furthered its survival
and spread: High reproductive potential, ability to
successfully feed on over a hundred species of trees
and shrubs, and a variety of morphological and be-
havioral traits that enhance survival.

When at defoliating levels, the gypsy moth causes
significant ecological effects and economic impacts in
both forest and urban environments. The gypsy moth
has always been a people problem in North America.
The first outbreaks encompassed forested lands that
included 30 towns and cities in the greater Boston
area; the extensive defoliation and nuisance created
by enormous numbers of larvae are vividly described
in the early literature (Forbush and Fernald 1896).
Since then, man has been responsible for the

1

inadvertent transport of gypsy moth life stages that
have resulted in the remote infestations that reoccur
far beyond the generally infested area.

Human influence during the past 300 years hasalso
undoubtedly changed the character of eastern forests
and made them more susceptible to a number of pests,
including the gypsy moth. Practices such as land
clearing, heavy cutting, grazing, and indiscriminant
burning have resulted in a network of forest stands
that reflect different successional stages of disturbance
(Smith 1976). More recently, urban sprawl, the
encroachment of people and developments into once
forested lands, has created situations that have
apparently benefitted the insect. It is there at the
forest/ urban interface that the gypsy moth problem
has been and will continue to be most severe.

Although the nuisance effect of the gypsy moth is
still paramount in the minds of the general public,
there is probably more public concern now thanat the
turn of the century about the effects of the gypsy moth
on forest resources. As the gypsy moth gradually
spreads to the South and West, it poses a threat to the
commercial hardwood forests, although one can only
speculate as to what effects the insect will produce
there in the future. Likewise there is a growing public
awareness about multiple-use forestry and the values
associated with forested lands. A detailed discussion
of the socioeconomic impacts caused by the gypsy
moth and methods for their evaluation is included in
chapter 7.

Historical Chronology

Many significant technological developments and
precedents have been associated with mass attempts
to eliminate, control, or contain the gypsy moth. The
costs associated with these attempts are staggering,
especially when the total expense is related to the
value of the dollar at these points in time. Because the
battle between man and the gypsy moth has been
continual since 1890, a review of this important
segment of entomological history seems appropriate
for this compendium.
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1869-1900

The original infestation increased and spread
gradually until, by the summer of 1889, the insect was
so abundant and destructive that it attracted public
attention (Burgess and Baker 1938). The conditions
were so serious that in 1890 the Massachusetts
Legislature appropriated $25,000 for field operations
to control the pest. The next year, the State embarked
on a program designed to exterminate the insect from
Massachusetts. Control operations consisted of:
Applying creosote or acid to egg masses, burning
infested trees and shrubbery, banding trees with
burlap and sticky material to either trap the larvae or
prevent their climbing the trees, and spraying with
chemical insecticide (Kirkland 1905, Burgess 1930).
Paris green, the chemical used initially, was replaced
in 1893 with lead arsenate, a compound developed
specifically for use against the gypsy moth. The
availability of this arsenical precipitated the rapid
development of and improvement in spray equipment
and spray technology.

During this period most of the research was
descriptive and centered on studies of the life history
and behavior of the gypsy moth in the infested area.
Intensive field studies that were devoted to observing
the occurrence and behavior of vertebrate and
invertebrate predators and parasites provided
valuable baseline data for modern day researchers.
Experiments were also conducted to mass-trap male
moths with sticky traps baited with female moths so
that unmated native females would deposit unferti-
lized egg masses. These attempts were not successful.

The control work from May 1891 to February 1900
was so successful in reducing the infestation that the
Legislature chose to abandon the project. This action
was considered by many to be a fatal mistake.
Massachusetts spent an estimated $1.2 million during
this period in its attempts to eradicate the gypsy moth.

1901-1919

During the next S years, gypsy moth populations
increased tremendously in Massachusetts, and new
infestations were discovered in Rhode Island (1901),

New Hampshire (1905), Connecticut (1906), and
Vermont (1912). Massachusetts resumed control ac-
tivities in 1905, and in 1906, Congress first provided
funds to aid the State with its control and con-
tainment efforts.

From 1906 to 1912, the Federal Government and
Massachusetts jointly financed the importation of
natural enemies of the gypsy moth from several
European countries and Japan (Brown and Sheals
1944). Intensive studies were conducted to learn more
about larval dispersal but especially to determine the
maximum distance that the newly hatched larvae
might be windborne (Burgess 1913, Collins 1915).
Some of the earliest research on the gypsy moth wilt
(virus) disease (Glaser 1915) and on managing infested
woodlots (Clement and Munroe 1917) was conducted
during this period. Efforts designed to prevent the
shipment of infested products into outlying areas were
intensified. This, coupled with widespread concern
that the insect would spread unimpeded unless
delaying tactics were employed, resulted in the
enactment of a Federal domestic quarantine against
the insect in 1912. The quarantine remains in effect
today and is credited with greatly reducing the
accidental long-range transport of gypsy moth life
stages on regulated commodities.

Between 1906 and 1920, the gypsy moth spread
westward at an estimated rate of 9.6 km a year.
Isolated infestations were discovered in 1913 at
Geneva, New York, and in 1914 on estates at
Cleveland, Ohio, and Westchester, New York. By
1914, the generally infested area included the southern
half of New Hampshire, Rhode Island, eastern
Connecticut, southern Vermont and Massachusetts
east of the Connecticut River.

1920-40

In 1920, a serious infestation covering 1,040 km?
was discovered near Somerville, N.J.; this apparently
resulted from a separate introduction of infested blue
spruce trees from the Netherlands. This infestation
was finally eradicated by 1931 at a total cost estimated
at $2.5 million (Felt 1942).



By 1922, the insect had spread through New
England to the New York boundary. At a meeting in
1923 in Albany, N.Y., members of the U.S. De-
partment of Agriculture and representatives from in-
fested States and Canada decided to establish a
barrier zone extending from Canada to Long Island,
largely along the Hudson River and Champlain
Valleys, encompassing some 27,300 km2. The purpose
of the barrier zone was to prevent the westward spread
of the gypsy moth through a cooperative effort by the
Federal Government and the State of New York.
Infested territory to the east of the zone was to be
treated by the States and supplemented by the
liberation of parasites and other natural enemies by
the Bureau of Entomology. All infestations found
within and to the west of the barrier zone were to be
eradicated.

In older infested areas, conditions had improved by
1920, and in the next4 to 5 years, defoliation in New
England was at the lowest level since 1905. However,
heavy defoliation occurred on Cape Cod in 1925-26,
and the reinfestation of old areas continued. The first
aerial spray contract for gypsy moth control was
awarded in 1926 on Cape Cod, Mass.

Research was intensified on natural enemies of the
gypsv moth (especially parasites) and on the effects of
defoliation on trees and forests; this resulted in a
substantial increase in the quality and quantity of
published material on the insect. A number of plots
were established in Connecticut and Massachusetts to
study the population dynamics of the gypsy moth
under a wide range of woodland conditions (Bess
1961). This was one of the first major undertakings of
its kind.

Spot infestations occurred annually within the
barrier zone and were subsequently reduced or
eliminated through intensive control efforts. How-
ever, in 1932 a serious infestation was found in the
Wilkes Barre-Scranton, Pa., area, far beyond the
barrier zone. The main infestations covered a 39 km?
area, but smaller infested spots were later found over a
2,600 km? area in five counties.

A cooperative Federal-State eradication effort was
begun in 1932, utilizing the same methods used earlier
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in New England. Although spot infestations were
eliminated, the gypsy moth persisted in Pennsylvania.
Meanwhile, the barrier zone became generally
infested by 1939.

1941-60

By 1941, regular and emergency Federal appropria-
tions for maintenance of the barrier zone were re-
duced substantially, resulting in the termination of the
total effort. Felt (1942) prepared a position paper that
strongly endorsed the renewal of efforts and funds to
maintain the barrier zone; he projected that if the
gypsy moth was allowed to spread unimpeded and to
become established throughout the range of white
oak, annual control costs for ornamental trees alone
might easily approach $90 million. In addition,
defoliation on forested lands might reach 10.1 million
ha annually. It is estimated that the total effort
through 1941 to eliminate the insect from Pennsylva-
nia cost approximately $4.5 million.

The insecticide cryolite was applied experimentally
in Pennsylvania in 1943 against the gypsy moth but
gave unsatisfactory control. In 1944, the War
Department allotted about 45 kg of DDT to
determine its value in gypsy moth control and
eradication work in Pennsylvania. Experimentation
with DDT in Pennsylvania continued until 1948 and
resulted in the development of modern methods of
application such as airplane spraying and the
mistblower. The Pennsylvania infestation was
supposedly eradicated by 1948; however, two
undetected infestations remained, and the State has
been subject to new infestations and continual spread
of the gypsy moth since that time (Nichols 1961)

Gypsy moth infestations seemed to explode in
1951-52, and in 1953, over 0.6 million ha were
defoliated (25-100 percent) in the Northeast. A
thorough appraisal of the gypsy moth problem was
undertaken in 1952 for the purpose of developing a
coordinated plan for the eradication and/ or control
of the insect in the United States (Perry 1955). The
consensus was that the Adirondack Mountains in
New York and their extension into the Allegheny
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plateau presented the only natural ecological barrier
to prevent the continued spread of the insect to the
South and West. A seven-point plan was formulated
to reestablish the barrier zone, operate a cooperative
survey and eradication program within and to the east
of the barrier zone, conduct a cooperative survey and
control program with States east of the barrier zone,
initiate trapping surveys with cooperators south and
west of the barrier zone, provide Federal technical
assistance to States to develop control techniques and
programs, strengthen quarantine operations, and
establish study plots in the generally infested areas to
gain information on the epidemiology of the gypsy
moth. The plan was approved in 1953 by the Regional
Coordinating Committee on Gypsy Moth control of
the Council of State Governments and put into
operation within the limits of then available funds.
The States were also encouraged to urge the Congress
to appropriate funds necessary to carry out the
proposed program.

Between 1953 and 1957, the insect was detected in
an estimated 3.6 million ha previously uninfested in
New York, New Jersey, and Pennsylvania. In addi-
tion, an infestation was found near Lansing, Mich.,
and was chemically treated in 1954. In 1956, the Con-
gress made funds available to initiate an eradication
program. During that year, 222,000 ha were treated
with DDT in northern New Jersey, southeastern New
York, and northeastern Pennsylvania. This was the
first phase in a scheduled long-range program to
eradicate the gypsy moth from the United States. If
after 2 or 3 years this objective was found to be not
feasible, the minimum goal would then be to eradicate
all infestations back to the barrier on the Connecticut-
New York line. Over 1.2 million ha were sprayed
aerially with DDT in 1957.

About this time, the question of residues of
persistent pesticides, such as DDT on food and feed
crops, began receiving increased attention. There was
also increasing concern about the effects of
chlorinated hydrocarbons on certain species of
beneficial organisms, fish, and wildlife. By 1958, a
decision had been made to phase out DDT and
replace it with carbaryl (Sevin®) as the chemical of

choice. This was the last year in which DDT was used
for control of gypsy moth.

With the exception of the classical work by Bess et
al. (1947), the overall level of research was minimal
during this period and is reflected by the relatively
small number of publications to be found in the
scientific literature.

In 1958, defoliation by gypsy moth was recorded on
only 50 ha within the total infested area and most of
that occurred in Connecticut. This was the first time
since 1924 that fewer than 400 ha of defoliation were
recorded for the region inhabited by the gypsy moth.

1961-70

By this time hopes to eradicate the gypsy moth were
abandoned, and a long-overdue emphasis was placed
on research. Research on alternatives to control of the
gypsy moth had languished for two decades, during
which time the pesticides DDT and Sevin® were ex-
tensively used. Studies intensified on two microbial
pathogens, Bacillus thuringiensis (Bf) and the natural
nucleopolyhedrosis virus (NPV). Laboratory and
field trials were initiated to evaluate the sterile male
technique and the new synthetic pheromone, gyplure.
These initial studies provided valuable baseline
information for the period of intensive research that
followed in the 1970’s.

Meanwhile, the amount of defoliation increased
steadily beginning in 1959 in New England and New
York. Following a brief respite in 196668,
populations exploded in 1969 throughout the
Northeast, and for the first time, heavy defoliation
was recorded simultaneously in New Jersey and
Pennsylvania. The developing outbreak focused
attention on the need for a strong continuing research
effort on the gypsy moth.

An ad hoc Federal-State committee, later to
become the National Gypsy Moth Advisory Council,
was formed; in 1969, its first official meeting was held
in Washington, D.C., with a U.S. Senator from
Pennsylvania in attendance. Several committees were
formed; one, the Action Committee, immediately



began to consider strategies for obtaining additional
research and control funds.

After another council meeting in Washington,
D.C.,, in 1970 with prominent Federal-State delegates
present, it was subsequently announced that
additional funds would be allocated for research and
control. Planning was initiated for a 5-year accel-
erated research and development program.

The Accelerated Program, 1971-74

In 1971, the U.S. Department of Agriculture
redirected $1 million for research, much of which was
initially designated for cooperative studies with
universities and various State agencies. Additionally,
the Forest Service and the Agricultural Research
Service (now Science and Education Administra-
tion—Agricultural Research) increased base funding
and resources for research and development. The
following major areas of emphasis were identified—
development and evaluation of the new synthetic sex
attractant, disparlure; increased foreign exploration
for parasitesand predators;developmental research on
microbial controls; and increased efforts to analyze
and predict both changes in populations and their
effects on the environment.

Meanwhile, the gypsy moth situation worsened.
Over 400,000 ha annually were defoliated in 1971-73,
with the highest level in history—800,000 ha—re-
corded in 1971. The States of Connecticut, New Y ork,
Pennsylvania and New Jersey incurred the most
damage although the outbreak was truly regional in
scope. In New Jersey, oak mortality increased
dramatically after repeated defoliation in some areas
and was reminiscent of the situation in Massachusetts
in the early 1900’s.

The Expanded Program, 1975-78

The severity and scope of the gypsy moth problem
in the early 1970’s, concurrent with situations with the
Douglas-fir tussock moth in the Pacific Northwest
and the southern pine beetle in the South, created
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both local and national concern. The Department
responded by planning and initiating the U.S. Depart-
ment of Agriculture Expanded Gypsy Moth Program
as part of the Combined Forest Pest Research and
Development Program (CFPP) (Ketcham and Shea
1977).

The expanded program was designed to comple-
ment the accelerated effort already underway and to
achieve specific objectives and accomplishments
within a definite time frame—4 years. In the planning
process, objectives were clearly stated and well
defined. Logically conceived plans to reach objectives
were outlined, but adequate flexibility was provided
to account for the uncertainties of research. All re-
search activities were organized on a chronological
schedule that provided for an orderly system of
annual progress. The goals for the expanded program
as set forth in Congressional Hearings and the
resultant appropriation bill were as follows:

1. Methods for predicting population trends will be
updated and refined using new techniques for
measuring larval dispersal, sampling egg masses
and pupae, and monitoring low populations.

2. Procedures for measuring and predicting impacts
will be developed by refining methods for
measuring defoliation, relating defolation to tree
mortality, and developing additional technology
for measuring socioeconomic and environmental
impacts.

3. Safety and efficacy tests to evaluate and support
registration of nucleopolyhedrosis virus (NPV)
will be completed.

4. Optimum formulations and application technolo-
gy for use of chemicals, Bt, and NPV will be
developed.

5. Disparlure’s use in containment, suppression, and
possible elimination of populations will be dem-
onstrated.

6. New chemical insecticide candidates will be
screened, evaluated in the laboratory, and field
tested.

7. The effectiveness of available and newly intro-
duced parasites will be evaluated.
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8. Sterile male techniques will be evaluated for their
potential as suppressive or population elimination
tools.

9. A mass-rearing capability adequate for future pro-
gram support will be developed.

The ultimate goal of the program was to
incorporate this emerging technology into an
integrated pest management system to address the
total gypsy moth problem both behind and beyond
the advancing front of the infestation.

Technology Transfer: the Compendium

As mentioned in the Foreword, much consideration
and discussion was devoted to the subject of tech-
nology transfer or presenting program products to the
ultimate users. One of the vehicles selected to accom-
plish technology transfer was this compendium.

A meeting was held in May 1977 attended by
representatives of the four Federal agencies involved
in the gypsy moth program—Forest Service, Animal
and Plant Health Inspection Service, Agricultural
Research Service, and Cooperative State Research
Service—the program management team, and
scientists designated as chapter coordinators for the
compendium. A format and guidelines for the
compendium were established: The tone should be
semitechnical; methods and procedures should be
kept to a minimum unless unique to the literature;
contributors were encouraged to include a literature
review sufficient to set the stage for their own research
and to provide readers with a convenient reference to
the pertinent literature on that subject; and principal
investigators should have the opportunity to submit
manuscripts covering their research findings and
interpretation of results subject to technical and
editorial reviews.

It was desired of both program management and
the investigators involved that this compendium
should be a true state-of-the-art document on the
gypsy moth in the United States at this point in history
emphasizing the research results obtained during and
prior to the expanded program. Many of the funded
investigations conducted during the period 1975-78

were continuations of research initiated during the
period of acceleration in 1971-74.

This compendium is not all inclusive; for example,
it does not include research funded by the Expanded
Gypsy Moth Program that was and is being
conducted by various States, universities, agricultural
experiment stations, and private industry. However,
in most cases these accomplishments are referred to in
the references cited section for each chapter.

We hope that this volume is interesting and
understandable and trust that it will serve as a
valuable reference to the rapidly accumulating body
of knowledge about the gypsy moth and its related
effects upon the environment.
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Bioecology of the Gypsy Moth

David E. Leonard

Foreword

The vast majority of the millions of species of
animals that share our planet are innocuous. Some of
the most notable exceptions, however, can be found
among the insects, the most successful of all or-
ganisms in terms of number of species, diversity, and
adaptiveness. Other than the oceans, there are few
places that man can exploit that are not being
exploited by insects. Of the 5 million or so insect
species, about 10,000 are considered pests because
they directly compete with man for food, fiber, and
living space, or act as carriers of diseases to man or
domesticated animals. Relatively few of the pest
species, however, are of such importance that they
become household names, as has the gypsy moth. Lest
we feel that our preoccupation with the gypsy moth in
North America is unique, it should be noted that
common names for this insect exist in virtually every
language in the temperate regions of the world from
North Africa to Japan. It is ironic that the name gypsy
moth comes from the British Isles, where the insect is
now apparently extinct.

The information that has accumulated on the gypsy
moth is vast and varied, ranging from accounts of
public hysteria to reports of basic scientific research
that form the cornerstones of concepts and principles
of such important biological disciplines as genetics
and chemical communication. The purpose here is to
provide an overview of the biology and ecology of the
gypsy moth, with emphasis on findings obtained
during the Expanded Gypsy Moth Program. This
synthesis has been gleaned from many authors; more
detailed accounts of most of what is presented here
can be found in the other chapters of this book, along
with credits due those people who provided the
information.

The gypsy moth and many humans share a prefer-
ence for the same habitat. Although the gypsy moth
existed many millenia before man, most humans
consider the insect an intruder and view it with
decidedly negative thoughts. One can sympathize
with the tribulations of those living in the midst of an
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outbreak of the gypsy moth; at the same time, how-
ever, one must appreciate this insect for what it can do
and how it does it. Evolution has served the gypsy
moth well; it is no easy foe.

Introduction

The gypsy moth, Lymantria dispar (L.), is in the
order Lepidoptera, which contains the moths and
butterflies, insects known for their beauty and, in
some instances, for their destructiveness. Lepidop-
terans are characterized by having a complete meta-
morphosis, with larvae transforming to pupae, then
metamorphosing into adult butterflies or moths. The
gypsy moth is in the family Lymantriidae. Lymantriid
larvae, which feed on tree foliage, are commonly
called tussock moths because of the prominent tufts of
hairs on the larvae. Representatives of this family are
found in temperate regions throughout much of the
world, but the gypsy moth is not indigenous to North
and South America. This insect is found from
northern portions of Africa through western and
eastern Europe. Although the range of distribution is
commonly extended through the Soviet Union and
Japan, morphological, behavioral, and genetic differ-
ences, particularly in the forms from Japan, indicate
that the Asiatic and probably the Eurasian gypsy
moths are different species.

In its native range, the closest relative of the gypsy
moth is the nun moth, Lymantria monacha (L.). The
nun moth is common to higher elevations in Europe,
where it feeds on needles of conifers. The gypsy moth
and the nun moth differ in appearance and in their
choice of food plants, and their ranges of distribution
overlap only where conifers and hardwood host trees
coexist. Interestingly, females of the gypsy moth and
nun moth utilize the same chemical, a sex pheromone,
to attract males for mating, attesting to their close
relationship, but females of each species differ in the
time of day that they release pheromone.

The gypsy moth has the distinction of being the first
of three species of lymantriids to be introduced into
North America in 1869 from Europe. The other two
species are the browntail moth, Euproctis chrysor-
rhoea (L.), introduced about 1890, and the satin
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moth, Stilpnotia salicis (L.), introduced about 1910.
Although the gypsy moth has emerged as the most
successful colonizer, the initial success and spread of
the browntail moth were more spectacular. This insect
defoliated many of the same species of trees as the
gypsy moth, spreading throughout New England and
into several of the Canadian Maritime Provinces in
about 30 years. In addition to its widespread defolia-
tion, the insect posed a very real public health hazard,
for the hairs or setae contain urticating (irritating)
properties that produce a serious rash and in several
instances have caused death. For reasons not com-
pletely understood, the range of the browntail moth
began to recede in the 1920%. Today, the insect is a
maritime curiosity, with small colonies that persist on
several islands in Casco Bay, off Portland, Me., and
on coastal sand dunes of Cape Cod, Mass.

The satin moth was introduced into Northeastern
and Northwestern North America; its larvae prefer a
narrower range of host plants, species of poplars and
willows. It is now considered a minor pest of orna-
mental poplars and willows, although there are
infrequent outbreaks in forests.

The introduction of an insect to a new area by man,
often with serious consequences, is unfortunately not
uncommon. In some ways, however, the introduction
of the gypsy moth into Massachusetts was different,
for the insect was purposely imported inanattempt to
develop a silkworm industry in North America.
Perhaps Professor L. Trouvelot, an astronomer and
naturalist, can be faulted for dabbling in biology in his
attempt to interbreed gypsy moths with silk worms,
but the tenants of biology were less well known in
1869. One could not fault him for the concern he
showed in his prophetic oral and written warnings of
the possible consequences of the accidental release, yet
he could muster no officials willing to provide assist-
ance to search and destroy the liberated gypsy moths.
From what might be considered a comedy of errors
originating at 27 Myrtle Street, Trouvelot’s residence
in Medford, one disquieting fact remains: Some gypsy
moths escaped, and although the numbers were un-
doubtedly small, the social and economic costs
engendered by the few survivors have been enormous.

The record of the establishment of the gypsy moth
and the early spread of the insect is well documented
in the book, The Gypsy Moth, written by Forbush
and Fernald and published in 1896. For about 10
years after its release, gypsy moths were noticed only
as a nuisance by those living near Trouvelot’s old
residence. The first apparent outbreak occurred in
1889 in Medford, and since then, the insect has not
escaped public notice. In 1890, an act was passed in
the Massachusetts Legislature appropriating $25,000
and forming a commission of three persons to oversee
the extermination of the gypsy moth, the first of many
such actions reenacted in a series of legislatures with
ever-increasing dollar amounts. The 1890 act and
those that followed were initiated too late after the
establishment of the gypsy moth to eradicate it or to
prevent its spread.

Small larvae, upon hatching from eggs in the
spring, are well adapted to be carried on currents of
air. The unfed insects, light in weight and clothed with
long hairs that increase their surface area, hang on
silken threads that they have spun. When the wind
blows, the silken threads break and the larvae are
carried aloft, helped by the long hairs and the silken
thread, which increase the insects’ ballooning capa-
bilities. The early spread of the gypsy moth was
primarily to the North and East, by the prevailing
winds which blow from the Southwest.

The gypsy moth continues to spread into new areas,
primarily south and west. Although the natural
spread is rather slow, the inadvertent transportation
of various life stages, particularly eggs, on transport-
able items as recreational vehicles, has resulted in
establishment of isolated gypsy moth populations in
regions well beyond the Northeast.

Life Stages
Adults

The species name of the gypsy moth, dispar, is
derived from the Latin word that means ro separate
and accurately depicts the contrasting appearance of
male and female moths. The males are mottled brown
in color (fig. 2-1), with black wing markings; female



moths are white or cream colored with distinctive
black markings on the wings (fig. 2-2). Other
differences are found in the antennae, with males
having plumose or feathery antennae, in contrast to
the thin female antennae. The body of the female is
much more robust, the abdomen a sack full of eggs.

Moths emerge from pupae in midsummer, usually
in July, but the date of emergence can vary among
areas in response to climatological differences or
effects of density. Where population densities of
larvae are high, development is often accelerated.
Moths are able to commence activity shortly after
emergence from the pupae; the soft-bodied adults
orient with their heads upward, pump air into veins to
expand their wings, and remain quiet for about an
hour until the wings have expanded and the soft
cuticle has hardened.

Figure 2-1.— Male gypsv moth. Note mottled brown
color.
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Males usually emerge | or 2 days before females.
The flight of male moths has been characterized as a
flutter, or zigzag, but males are also capable of rapid
direct flight. Most flight activity occurs during hours
of light, with males strongly attracted to vertical
objects. They commonly fly upand down tree trunks
where females would most likely be encountered. The
dramatic response of males to the female sex
pheromone 1s well documented. The feathery
antennae of the male provides a large surface area for
receptor cells, and it has been hypothesized that a
single molecule of the pheromone impinging on a
single receptor cell on the antennae is sufficient to
elicit a behavioral response.

An important behavioral difference between sexes
occurs with the flight capabilities of females. Al-
though their wings are fully formed, females do not

Figure 2-2.- - Fewale gypsy moth. Note distinctive
black wing markings.
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fly, a rather frequent adaptation in insects to shunt
energy reserves normally expended in flight into in-
creasing the reproductive capacity. In parts of Eurasia
and Asia female flight is common, but these forms
may be different species than L. dispar.

Several hours after emerging, females begin releas-
ing pheromone from small glands near the tip of the
abdomen. The release of pheromone is associated
with the exposure of the terminal segments of the
abdomen and a rhythmic pumping motion, an
activity that has been termed “calling.” The phero-
mone is released in bursts of calling activity, rather
than continuously throughout the day. The biological
perfume can attract males for long distances, with the
male following the odor trail in the air with a rather
erratic flight pattern and tracking the increasingly
strong gradient of the pheromone to its source. Once
within several feet of the female, visual cues are also
utilized to locate the female, probably aided by the
contrast of the light-colored female on the darker sub-
strate of the tree.

Courtship behavior is not elaborate. Once the male
is alongside the female, mating will not occur unless
the female lifts her wing to allow the male to couple.
The pair remains in copula for up to an hour, but the
passage of the spermatophore, or sperm packet, is
usually accomplished in the first 10 minutes. Once
mating is completed, females begin the task of
depositing eggs.

Male moths can successfully inseminate several or
more females. Multiple mating in females is less
common, probably because a feedback mechanism
stops the release of sex pheromone in response to
mating.

The moths live for about a week. Although mois-
ture is imbibed, the digestive system is not functional
and no feeding occurs. The timespan for reproduction
in females is shorter than a week. By about the third
day after emergence, the attractiveness of the females
is greatly diminished, perhaps because the supply of
pheromone is exhausted. If a male has not been
solicited by then, there is little likelihood that the
female will mate. Since males emerge sooner than
females, the probability is increased that receptive

males will be available when females emerge, and the
efficiency of the sex pheromone insures that most
females will mate.

Eggs

A period of 8 or 9 months is spent in the egg. The
female gypsy moth has one generation per year and
usually deposits eggs in a single cluster. Although the
process can take several days, most eggs are laid
within 24 hours after mating. If interrupted during
oviposition, a female may start a new cluster. Females
that are not fertilized will oviposit, but the eggs are
usually scattered singly or in small, disorganized
clusters and do not hatch.

The eggs are covered by a dense coating of hairs,
sloughed from the abdomen of the female as she ovi-
posits. The appearance of the egg clusters has
prompted several of the common names for the insect,
including the German “Schwammspinner” (fungus
spinner), because the egg cluster resembles a small tree
fungus; and the French “la spongieuse,” from the
spongy texture of the egg cluster. The dense covering
of hair provides protection from egg predators and
parasites, and may be important in insulating eggs
from cold temperatures and acting as a moisture
barrier.

The number of eggs per female varies from fewer
than 100 to over 1,000; where conditions are
optimum, egg clusters average about 750 eggs,
compared with about 300 eggs at the end of an
outbreak when the population starts its precipitous
decline.

Because females are flightless, egg clusters are com-
monly found within several feet of the empty female
pupal cases. Generally, most egg clusters are found on
the trunks of trees, often in places that are dark and
provide shelter, such as in crevices, under loose bark,
or beneath scaffold limbs (fig. 2-3). Notall individuals
pupate on trees, however; egg clusters are frequently
found on or under objects such as rocks, tree stumps,
foliage, and vehicles.

Before pesticides were available, considerable
efforts were made to eliminate the gypsy moth by



Figure 2-3.—Gypsy moth egg clusters, usually found
in sheltered places.

destroying egg clusters, at a considerable expenditure
of man-hours. The density of egg clusters per unit area
1s the most reliable means for estimating population
density and predicting population trends. Interest-
ingly, dogs can be trained to the odor of egg clusters
and have detected concealed clusters at the base of
trees and in or under objects on the ground.

Egg embryonation begins soon after oviposition,
and larvae are fully formed inside the egg in about a
month. Development ceases in preparation for
diapause. A small percentage of eggs hatches in the
fall, but the larvae do not develop, although a nondia-
pausing strain has been selected in the laboratory
from such individuals. The diapausing larva inside the
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egg reduces its water content as a protection from
freezing. In the spring, most likely in response to accu-
mulated heat units as the temperature begins to
moderate, activity is initiated and water is resorbed.
The larva chews through the chorion of the egg and
the dense mat of hair and emerges about the time the
trees are beginning to produce new leaves.

Larvae

Hatch and activity of new larvae are strongly influ-
enced by temperature. Most larvae hatch within a
period of a week, but hatch can extend foraslongasa
month especially when egg clusters are deposited in
cooler, shaded areas or at higher elevations such as
mountainous regions.

Newly hatched larvae remain on or near the egg
cluster (fig. 2-4) if they emerge during rainy weather
or if temperatures are below 7° C. When they leave
the vicinity of the eggs, larvae are positively photo-
trophic and negatively geotropic. As they move, they
spin a thread of silk. Larvae from eggs deposited on
trees will move up the trees to the branch tips. Larvae
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Figure 2-4.— Newly haiched larvae.
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that emerge on inanimate objects will climb upward;
on reaching the top of the object they must rely on the
wind to remove them, for they do not have the pro-
pensity to climb downward to depart unsuited places.
Many larvae apparently disperse, even if suitable
foliage is available. Dispersal isa critical episode in the
biology and ecology of the gypsy moth and is dis-
cussed in more detail in chapter 4.

Larvae begin feeding on new leaves, first on the leaf
hairs, then on the leaf epidermis, where small holes are
cut then on the leaf margins (fig. 2-5). Feeding occurs
during the daylight hours, particularly early in the
morning after temperatures moderate, with another
peak of feeding late in the afternoon. This feeding
rhythm will change as larvae grow older and feeding
becomes a nocturnal activity. When not feeding, the
small larvae remain on the underside of the leaf along
the midrib, where they form a mat of silk produced by

the silk glands and spun from spinnerets located near
the mouth. The silk is important in providing larvae
with a point of attachment to the leaf and preventing
dislodgement.

The small size of the larvae at hatch, about 3 mm,
belies the ultimate size of the larvae when
development is complete, about 50 to 90 mm, with
over a thousandfold increase in weight. To grow,
larvae must molt. In preparation for the molts, which
occur at about weekly intervals, the larva ceases
feeding, deposits more silk to reinforce the silken mat,
and voids the gut. The old cuticle splits, and the larva
crawls out. The new cuticle requires several hours to
harden after the molt. The membranous portion
between the larval segments is elastic and will stretch
as the insect feeds, permitting expansion and growth.

Larvae are normally characterized by instar,
determined by the number of molts. A newly hatched

Figure 2-5.— Larvae feeding on new leaves.



larva is in the first instar until the first molt. A third-
instar larva has molted twice, a fifth-instar larva four
times, etc. The gypsy moth larva displays considerable
plasticity in the number of instars it undergoes before
reaching the pupal stage. Generally, males have five
instars (four molts) and females, six instars, but one
additional instar is common for both sexes, and as
many as nine instars have been recorded in laboratory
rearings. Molting is controlled by the hormonal
system, which is affected by a number of variables,
including nutrition.

Growth and development of larvae are influenced
by physical factors such as temperature and moisture,
and by biotic factors, such as quantity and quality of
food and vigor or quality of the individual insects, as
discussed later in this chapter.

Larvae usually remain on the leaves during the first
several instars. Fourth- and some third-instar larvae
seek resting sites other than the leaves when not
feeding; it is at this point that they display a dramatic
shift in their diel rhythm, with feeding switching from
a day to a night activity. Using the decreasing light
levels at dusk as their cue, larvae vacate their resting
sites and move up the tree, following trails of silk
deposited during their daily sojourns. Feeding can
occur throughout the night, but a prolonged peak of
feeding occurs after the larvae reach the foliage in the
evening, with a smaller peak prior to dawn. With the
light of the new day, larvae retrace their paths to the
resting sites.

The feeding of small larvae is hardly noticed, for
they do not consume much foliage. As larvae grow,
however, they consume increasing amounts, and in
the last instar they eat more than in the other stages
combined (fig. 2-6). Last-instar female larvae are the
most voracious feeders (fig. 2-7); they are consider-
ably larger than males and weigh over twice as much,
and their last instar is longer in duration than that of
males. It is estimated that a larva consumes about 1 m?
of foliage during development.

The selection of resting sites can have a significant
impact on survival, particularly in sparse populations.
These sites are usually on the tree where feeding
occurs—darkened areas such as crevices in the trunk,
under loose bark, or on the underside of scaffold
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Figure 2-6.— Last-instar male larvae.

limbs near the trunk. If no suitable sites are located on
the tree, larvae will seek shelter nearby inthe leaf litter,
in rocky areas, or even on adjacent snags. Larvae
usually utilize the same resting sites during their
development, and this is where molting and pupation
occur.

As the end of the larval period approaches, feeding
is terminated. Larvae void the gut, surround
themselves in a sparse silken net, and begin to
contract in length. This prepupal stage lasts only for
about 2 days, with prepupae remaining relatively
quiescent inside the silken net.

Pupae

The prepupal stage is terminated when the cuticle
splits along the midline of the dorsum and the pupa
works its way out of the larval skin. The pupa turns
from a whitish color with a greenish cast to dark
brown within the hour or so that it takes for the cuticle
to harden. The tear-shaped pupa resembles neither
the larva nor the moth. Occasionally, gyrations of the
pupa can be observed, particularly if the pupa is
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Figure 2-7.— Last-instar female larva; note larger
size.

disturbed. The pupa remains cradled in its sparse
silken cocoon (fig. 2-8) for the 2 weeks (16 or 17 days
for females) required for morphogenesis. When
development is complete, the adult takes in air,
expands, and splits the pupal skin. The moths crawl
out fully formed except for the wings, which are
quickly filled with air through the trachaea and puffed
out like small balloons. After the several hours
required for wing expansion and hardening of the
cuticle, the moths are ready to carry out their function
of providing a new generation of gypsy moths. The
development of gametes in both sexes began in the
later larval stages. Thus, in newly emerged moths, the
sperm is viable and the eggs are ripe and need only to
be fertilized as they pass through the oviduct.

Ecology

Hosts

The number of gypsy moth hosts exceeds 300
species of trees and shrubs, with species of oaks
ranked among the most favored foods. Small
larvae are more restricted in their host range, but as
development progresses, the acceptable host range
expands. Oaks are common components in many
of the forests of North America, and their wide
distribution will be a major factor in the ultimate
range of the gypsy moth in this hemisphere. Where
oaks are less common, however, as in boreal
forests, the gypsy moth has established and



maintained populations on other tree species,
including trembling and bigtooth aspen.

Some less favored host species, such as red maple,
are fed upon when larval population densities are high
and favored foliage is scarce. Under such conditions,
larvae will consume nearly any foliage available, with
only a few species, such as tulip poplar and dogwood,
immune to feeding. Other species, particularly
conifers, are not acceptable to early-instar larvae, but
late-instar larvae feed readily on the needles of
hemlock, balsam fir, and many species of spruce and
pine.

The effects of the quality of the host foliage on
gypsy moth survival and fecundity are just beginning
to be appreciated. Trees under stress such as drought

Figure 2-8.—Gyspy moth pupae.
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contain higher levels of nitrogen, which may provide
larvae with an enriched food source. These findings
provide important leads to understanding why the
largest outbreaks of the gypsy moth are correlated
with periods of below average summer rainfall, and
the observations that the foci of epidemic populations
are often on dry, rocky ridges where conditions for
tree growth are not optimum.

Damage

The gypsy moth is a relatively large insect, with a
big appetite. The number of larvae per tree is high
when outbreak populations occur, and most or all
foliage can be consumed (fig. 2-9). The insect is
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Figure 2-9.— Defoliated trees.
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episodic, with extensive defoliation occurring during
the last years of the outbreak phase. In Europe and
currently in much of New England the gypsy moth is
notorious as a nuisance and not for killing large
numbers of trees, but this is not the situation when the
gypsy moth first moves into an area. Historical
records from New England and current data from
New Jersey and Pennsylvania show that tree
mortality is often extensive. Species of oaks
(especially white and chestnut oaks, which appear to
be the most susceptible) incur the highest percentage
of mortality, often exceeding 50 percent of the
dominant and codominant trees, with higher
percentages of mortality in the understory trees.
Because the hardwoods in the Northeast are not being
heavily utilized for forest products, tree mortality has
been less of a concern than the loss of the use of
recreational areas. This is not the situation, however,
in such areas as the Appalachians, where concerns for
the hardwood forests are being voiced in anticipation
of the imminent invasion of the gypsy moth.

To understand why the gypsy moth has had a
greater impact in North America than in Europe, it is
important to recognize that the insect is an invading
species. When a species reaches a new habitat, the
following can occur: (1) It becomes extinct, which
happens in most instances; (2) it establishes and,
although it reaches high numbers initially, ultimately
reaches low population levels, often in very restricted
habitats, as happened with the browntail and satin
moths, both closely related to the gypsy moth; or (3)it
establishes and goes through a rapid expansion of its
range, as has occurred with the gypsy moth and other
species such as the Japanese beetle, Popillia japonica.

What happened when the gypsy moth reached this
continent? It found the climate and the nearly
contiguous forests, some predominantly oak, to be
favorable. Many of the trees are close relatives of
species in Europe where the gypsy moth and hosts
have coexisted for millenia, leading to the coevolution
of adaptations that prevent or retard the potential
elimination of the host or the insect. In North
America, the tree species have evolved no such
protective adaptations. Furthermore, the gypsy moth
arrived here without its complement of natural

control agents—parasites, predators, and disease.
Although some native animals such as birds and
several species of parasites fed on the insect, their
effectiveness was much less than the population
pressures exerted by natural control agents in the
native range of gypsy moth.

Competition from other organisms utilizing the
same resource is often an important factor in
regulating population density. The gypsy moth, an
early-spring defoliator, found no ecological homologs
in North America that were its equal. Most
competition came from other gypsy moth larvae, and
under such conditions, populations usually increase
until a critical factor becomes limiting, usually the
amount of available food.

The net effect of all the above was what could be
expected when factors regulating population numbers
are relaxed or missing. Gypsy moth populations
reached very high numbers and remained there for
longer than the usual 2 years; the normal cyclic
rhythm was lost. The effects of repeated defoliation
can be devastating. Coniferous trees die after a single
defoliation. Deciduous trees can withstand one ortwo
defoliations, but the incidence of mortality rises
sharply after the third defoliation. After the first
defoliation, deciduous trees flush a new set of leaves in
July, several weeks after larval feeding has completed.
The new leaves, smaller and photosynthetically less
efficient than the defoliated ones, are produced at
considerable cost to the tree in terms of utilization of
stored food resources. Although the trees put on little
if any growth during the season, they usually survive
until the following spring. The second defoliation
stresses the tree even more, and only the hardiest
survive a third defoliation. Other stress factors such as
drought or poor site conditions decrease the chances
for survival after defoliation. Understory trees usually
suffer the highest mortality, but few of these would
normally survive to become dominant or codominant
trees. Most of the tree mortality is caused by
pathogens or insects such as the twolined chestnut
borer that attack and kill weakened trees.

Defoliation, however, can also benefit trees, as
scientists are beginning to discover. Trees produce
foliage in excess, and the removal of a portion of that



foliage can stimulate increased production in the tree.
Furthermore, much of the available nutrients are
bound up in the woody portions of the trees, slowing
the recycling of nutrients. The foliage passing through
the insect gut is broken down into a form that rapidly
releases nutrients to the soil.

Nuisance Factors

‘Thousands of species of insects feed on trees, but
few attain the gypsy moth’s notoriety. There is a
Jekyll-and-Hyde personality in the gypsy moth, with
population density the potion that changes larvae
from innocuous to obnoxious. At low densities, large
larvae remain inactive and secluded in their resting
sites during the day, but at high densities, the tranquil
state changes dramatically. For reasons not yet
understood, larvae in dense populations become
hyperactive during the day. Wooded areas teem with
larvae incessantly moving up and down trees. When
larvae reach open areas, they “bee line,” using
polarized light to direct them in their straight path.
These larvae are strongly attracted to and climb any
object in their path—telephone poles, vehicles, fences,
houses, and people. The larvae are rarely harmful, but
few individuals find the presence of the swarms of
larvae tolerable, particularly those with entomo-
phobia. The larvae fortunately do not travel great
distances.

There are several other factors that make gypsy
moth outbreaks a public nuisance. As trees are
defoliated, the normally cooler wooded areas warm,;
this loss of a cool habitat and the heat drive many
animals from the woods, and some, like snakes, can
become an annoyance.

When outbreaks occur, many larvae die from a
variety of mortality factors and from one in
particular, a nucleopolyhedrosis virus disease known
as wilt. The unpleasant odor of decaying larvae often
permeates the defoliated area.

The experience is distasteful for those who cannot
avoid coexisting with gypsy moth outbreaks. There is
little solace in the fact that populations usually reach
high levels for only 2 years before the population
collapses, although it can be longer in areas where the
gypsy moth is extending its range.
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Natural Enemies

Parasites

All organisms nourish a complex of parasites that
serve as one means of regulating populations. It was
fortuitous for the gypsy moth that it was introduced
into Massachusetts without its parasites, but after
success in controlling other insects with imported
natural enemies, a similar program was started for the
gypsy moth. Initiated in 1905 by the U.S. Department
of Agriculture, in cooperation with several affected
States, this effort has been the most extensive of all of
the parasite introduction programs (in spite of several
program interruptions) and has resulted in the
successful establishment of 10 species of parasites and
one predacious beetle. The sum total of mortality
from these imported insects reaches high levels in
many gypsy moth populations.

After a recent period of renewed interest, the search
for parasites in Europe is being reduced, because it is
thought that the most effective parasites from the area
have been imported and released. The program has
been expanded in Asia, however, and a parasite
laboratory was recently established in Japan to ship
potential parasites, predators, and pathogens to the
United States for evaluation.

Entomophagous parasites kill their hosts. They
usually develop inside of the host but do not feed on
vital organs until they have nearly completed their
development. Although some species of imported
parasites have one generation per year, several are
multivoltine. Most of the multivoltine species must
attack hosts other than gypsy moth, for gypsy moths
in the stage of development that these parasites attack
are available for only a short period of time during
each year. The abundance of these multivoltine
parasites is, therefore, dependent on the number of
available hosts. In some instances, parasites intro-
duced into North America attacked gypsy moths but
failed to establish because suitable alternate hosts did
not exist.

Most of the parasitic species of insects are found in
two of the most advanced insect orders, Diptera and
Hymenoptera, of which members of both have been
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successfuly introduced into this country. Their
strategies in locating gypsy moths are quite different.

Parasitic flies, in general, rely on their acute vision
to locate hosts. The four introduced species of flies
attack the larval stages. One species, Parasetigena sil-
vestris, locates large larvae, swoops in, and very rapidly
lays an egg in the intersegmental fold. If the egg hatches
before the larva molts and sheds the old cuticle, the
larva penetrates into the host and begins its develop-
ment. Another species, Compsilura concinnata, a multi-
voltine species, pierces its host and deposits its offspring,
in this case a larva rather than an egg. A third,
Blepharipa pratensis, deposits large numbers of eggs on
the leaves of trees. This species apparently is attracted to
a chemical or chemicals on freshly chewed leaves. The
attraction to such chemical substances, termed al-
lemones, increases the chances that eggs will be de-
posited near feeding larvae. To hatch, the egg must be
consumed: if so, it hatches in the gut of the larva and
begins its development. These three parasitic flies leave
the host when development of the maggot is complete,
burrow into the ground, and form a puparium from
which the adult fly will emerge. P. sifvestris and C. con-
cinnata emerge from larvae, prepupae, or pupae; B.
pratensis emerges only from gypsy moth pupae.

Exorista larvarum is the remaining parasitic fly that
was successfully introduced. Like P. silvestris, it lays
its egg on large gypsy moth larvae and, like C. concin-
nata, requires alternate hosts. It is less common than
the other species of parasitic flies and overwinters as a
maggot inside of alternate hosts.

The hymenopteran parasites use different strategies
to find their hosts. Their eyes are not as developed as
those of the flies, but their antennae are replete with
large numbers of highly sensitive sense receptors.
Chemicals provide important cues, and some species
such as Apanteles melanoscelus and Brachymeria
intermedia respond to host chemicals (kairomones) to
identify gypsy moths. Kairomones also elicit egg-
laying responses in the parasites.

Two species of wasps, Ooencyrtus kuvanae and
Anastatus disparis, attack gypsy moth eggs. Since
eggs are available for about 9 months during the year,

the effective parasitization of this stage could be
important in regulating gypsy moth numbers. A.
disparis, however, attacks only unembryonated eggs,
limiting their period of attack to several weeks;
furthermore, the female parasites do not have wings
so the natural spread of the parasite is slow. O.
kuvanae, which attacks unembryonated and embryo-
nated eggs, has several fall generations and a spring
generation. The parasite has all of the prerequisites to
be an effective parasite except a long ovipositor. The
ovipositor of O. kuvanae is too short to penetrate
through a full egg cluster, and only the surface layers
of eggs are parasitized.

Two species of wasps parasitize small gypsy moth
larvae. Apanteles melanoscelus has two generations a
year, with the first generation attacking first- and
second-instar larvae, and the second generation
attacking third- and fourth-instar larvae. The
effectiveness of this parasite is limited by high
overwintering mortality and by a large number of
native parasite species (hyperparasites) that attack it.
Phobocampe disparis also parasitizes early-instar
gypsy moth larvae, but it is relatively rare and
considered of minor importance.

Gypsy moth pupae are parasitized by Brachymeria
intermedia and, with much less frequency, by
Monodontomerus aureus. B. intermedia was the last
introduced parasite to colonize, but once established,
it spread rapidly. It prefers open, sunny areas, and
high rates of parasitism are usually found in more
open or defoliated areas. M. aureus is a primary
parasite of both the gypsy moth and, more
commonly, the browntail moth and a hyperparasite
of hymenopteran and dipteran parasites. The value of
this multivoltine parasite is questionable because of its
rarity as a gypsy moth parasite and its negative impact
on other parasites.

Several species of native parasites have been
recovered from gypsy moths but rarely in high
numbers. The hymenopteran, ltoplectes conquisitor,
attacks and kills gypsy moth pupae, but few
individuals successfully complete their development
in this host.



Pathogens

A number of pathogenic microorganisms—yviruses,
bacteria, fungi, and microsporidia—infect the gypsy
moth. By far the most important is the nucleopoly-
hedrosis virus (NPV) Borralinivirus reprimens, which
causes polyhedrosis, or wilt disease, a name which
aptly describes the flaccid appearance of dead larvae.
This pathogen was thought to have been introduced
with early shipments of parasites.

The epizootics of wilt disease are often spectacular,
and mortality is most prevalent during gypsy moth
outbreaks. When numbers of larvae are high, the
spread of the disease is rapid. The viral particles, in
bundles called polyhedra, must be consumed to be
infective. Larvae can become infected by ingesting
polyhedra on the egg chorion or in the hairs covering
the egg clusters as they chew their way through to
emerge. These infected larvae die in the first instar,
and their bodies disintegrate, spreading viral particles
on the foliage. Larvae consuming this foliage also
succumb, continuing the process of spreading the
disease. Gypsy moth outbreaks normally culminate
with high amounts of mortality caused by NPV,
bringing about a drastic reduction in population
numbers. This pathogen has been registered under the
name Gypchek for use as a biological insecticide for
gypsy moth control, and an extensive program is in
operation to produce quantities of the virus.

A strain of the bacterium Streprococcus faecalis is
also an important pathogen, but its role as a mortality
factor 1s often overlooked because of the more
spectacular virus disease. Larvae killed by S. faecalis
have a shrivelled appearance.

Predators

Unlike parasites that consume only one host,
predators usually feed on a large number of hosts.
Predators of the gypsy moth include insects, spiders,
birds, and small rodents.

Calosoma sycophanta, a large, colorful beetle, is
the only predator that successfully colonized of those
species released in the parasite introduction program.

Chapter 2: Bioecology 21

Both the larvae and adults of this predator are
voracious feeders, using their large mandibles to tear
open and feed on the contents of larvae and pupae. C.
sycophanta can reach high numbers, with evidence of
their rather gruesome attacks readily observed. The
distribution of this predator tends to be spotty,
however, and it has not been recovered in more
northern regions of the range of the gypsy moth.

Some species of insectivorous birds prey on the
gypsy moth. Although bird predation of eggs is not
high (egg clusters appear to be protected by the hair
covering), early-stage larvae are consumed by many
bird species. Large later stage larvae, which are
covered with long hairs, are consumed by a few bird
species, including black-billed cuckoos. Flocking
birds, such as grackles and blackbirds, have been
observed to move into and feed in areas containing
high gypsy moth larval populations. The effects of
bird predation on North American gypsy moth
populations have not been thoroughly studied. In
Japan, however, the importance of bird predation has
been documented, and in Eurasia, bird nesting boxes
have been placed in infested forests to encourage the
buildup of bird populations to reduce the numbers of
gypsy moth larvae.

Rodents, particularly the white-footed mouse,
Peromyscus  leucopus, are considered important
regulating factors in sparse gypsy moth populations.
White-footed mice and other rodents such as
shrews consume many of the large larvae and pupae
that seek resting and pupation sites near the ground
and in the leaf litter. Rodent predation is considered a
major factor in preventing outbreaks in some areas
where gypsy moth populations have remained
relatively stable at low population densities for a
number of years.

Factors Regulating Populations

All organisms are subject to both physical and
biological factors that act to regulate population
numbers. The availability and suitability of food, site
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conditions, incidence of natural control factors, inter-
and intra-specific competition, weather effects, and
others criteria are major determinants in whether
population numbers will increase or decline. Some of
these factors are discussed in greater detail in chap-
ter 4.

Climate Effects

The gypsy moth is strongly affected by climate—
temperature, moisture, light, and wind. Also impor-
tant, however, is the microclimate that occurs in the
restricted habitats where the insect actually lives. For
example, the microclimate of a secluded area beneath
the bark where large larvae may congregate may be
quite different from the climate of the surrounding
area.

Temperature

Temperature is an important factor in gypsy moth
development and survival. For eggs, low tempera-
tures can be fatal. Larvae diapausing inside of the egg
prepare for winter by reducing the volume of free
water to prevent the formation of ice crystals, which
can rupture cells and cause death. With much of the
water bound up in glycogen, the insect can withstand
temperatures of -9° C. However, exposures to this, or
lower temperatures for extended periods will kill eggs,
and -23° C for even a short period of time is lethal. In
much of its native range and in northern portions of
North America, the gypsy moth is exposed to
temperatures that exceed the lethal limits. Interest-
ingly, in these areas, survival is facilitated by
behavioral modifications. Females deposit egg
clusters on the ground or on the lower part of tree
trunks, where they are well protected by the insulating
property of snow. Periods of freezing temperature
after hatch could have an effect on populations by
killing the small larvae and/or the young leaves.

Exposure of developing larvae and pupae to
constantly high temperatures in the 32° C range in the
laboratory greatly accelerates growth and develop-
ment, but the females reared under these conditions
produce infertile eggs. This infertility probably does
not occur in nature: Daytime temperatures often

exceed 32° C, (with temperatures dropping at night),
resulting in accelerated growth and development, but
widescale outbreaks have been correlated — with
successive years of hot, dry weather during June.
Accelerated development during such periods may
increase survival by limiting the time larvae are
exposed to mortality factors. Laboratory studies have
shown that individuals that develop the fastest are
larger, and larger females contain more eggs.

Moisture

In terms of rainfall or high relative humidity,
moisture is also important. Heavy rainfall at the time
of hatch can wash off and drown larvae that have not
yet established feeding sites on the foliage. Periods of
low populations, measured on a geographic scale by
acres defoliated, are correlated with high amounts of
rainfall during early larval development.

The effects of relative humidity on larvae have not
been well documented. Many insects seek sites that
best satisfy their preference for relative humidity, with
some preferring a low range, others high, and some
species displaying no apparent preference. Gypsy
moth larvae, when consuming foliage, acquire
considerable amounts of water, which must be
eliminated, most probably through respiration. One
might expect that larvae would not seek a
microclimate where relative humidity is high, which
would deter respirational water loss. The resting sites
that larvae seek, however, tend to be dark, sheltered
areas where relative humidities might be higher. The
secluded resting sites probably afford better protec-
tion from parasites that rely mostly on vision to find
their hosts.

Solar radiation is important, both for temperature
and light. Gypsy moths respond to light in a diel
rhythm of activity. As mentioned previously, small
larvae feed during the day, whereas older larvae shift
their rhythm to feed at night. Emergence of adults is
also apparently triggered by the daily cycle. Larvae
are strongly photopositive after they hatch and climb
upward. Most feeding occurs in the tops of trees, with
larvae moving downward when foliage becomes
scarce. Gypsy moth larvae prefer trees on the margins



of the forest areas where tree canopies are more open.
It is not known whether the insect is responding to
increased amounts of light and higher temperatures,
or whether the foliage produced under such
conditions contains a higher concentration of
nitrogenous compounds, hence providing the larvae
with an enriched food source.

Wind

Wind is a critical element in the dispersal of small
larvae. These larvae respond to air movement by
arching their bodies, which releases their attachment
to the substrate; silk may also be extruded. Small
larvae are active during the daytime, when wind
velocities are highest; a wind of only several miles per
hour will break the silken thread holding the
suspended larvae. Although the estimates of the
distances larvae are transported vary, the importance
of the dispersal of first-instar larvae is well appreciated
as a prime mechanism for spreading infestations of
the gypsy moth. Although a larva can undergo several
dispersal episodes, the percent of mortality of
dispersing larvae is probably very high.

Natural Control Factors

The percent of mortality caused by parasites,
predators, and pathogens can be very high, and the
rapid decline or crash of outbreak populations is often
associated with a high incidence of these bioticagents,
particularly NPV. There is some controversy,
however, about the role of natural control factors,
particularly parasites, in regulating gypsy moth
populations. Although high amounts of parasitism
are frequently reported, the gypsy moth continues
periodically to reach outbreak levels. This situation,
however, also occurs in the native range of this insect.
The gypsy moth has evolved as an episodic insect, and
although the effects of mortality-causing agents may
reduce the amplitude of the outbreak numbers and
may prolong the period between outbreaks, parasites
cannot be expected to prevent the gypsy moth from
cycling. The outbreak cycles provide for dispersal,
with most numbers of larvae dispersing when
population densities are high. Like most species of
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Lepidoptera, the gypsy moth quickly shows
deleterious genetic effects from inbreeding, and
dispersal provides more opportunity for genetic
recombination.

The gypsy moth has a high reproductive potential
that can result in numbers increasing manyfold from
one year to the next. Parasites do not show a similar
numerical response. The number of eggs most
parasites are capable of depositing is usually much
lower than the gypsy moth. Furthermore, parasites
that develop only in the gypsy moth have evolved
adaptations for surviving when gypsy moth numbers
are low. To meet the increased energetic requirements
for searching for scarce hosts, energy must be used for
activities such as flight, and less energy is allocated to
the production of eggs.

Some of the gypsy moth parasites have more than
one generation a year and require alternate hosts. The
abundance of these species available to parasitize
gypsy moth is a function of the availability of suitable
alternate hosts for the previous generation of
parasites.

Pathogens, particularly the virus-causing wilt
disease, can cause high mortality. Because of the
nature of the spread of wilt disease, epizootics usually
occur when larval population densities are high. A
high incidence of wilt disease is associated with
dramatic population crashes of the gypsy moth.
Parasite and predator populations, which normally
build during the outbreak phase, are important in
reducing the residual gypsy moth population in the
year following the crash.

Mortality factors that function against low host
populations have the potential to prolong the
duration between outbreaks. The most efficient of
these appear to be white-footed mice and shrews.
In habitats favorable for these rodents, their predation
of larvae and pupae is considered the primary cause of
retarding gypsy moth outbreaks in some areas.

The interactions of natural control agents and the
variables of host density, quality, and climatic factors
are complex. Because of the interactions of the large
number of variables, future studies will require data to
be collected in a form suitable for computer analysis
and simulation modelling.
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Effects of Density

Many insects respond to the density of their own
numbers. In the gypsy moth, the effects of density or
crowding are manifest in several important physio-
logical and behavioral changes. Laboratory studies
show that crowding of larvae accelerates develop-
ment. This has been noted in field populations as well,
with adults observed up to several weeks earlier in
dense populations than in adjacent sparse popu-
lations.

Crowding of larvae during the first instar can
induce additional instars. The crowding prolongs the
period before larval feeding occurs, a critical period in
development, since this is when dispersal occurs. The
additional instars occur during the middle of larval
development. Larvae with one or several additional
instars take longer to develop into adults. This
prolonged period of development would increase the
exposure time of these larvae to mortality factors.
Larvae with additional instars, however, eat more and
produce larger adults, resulting in female moths that
produce more eggs. This increase in reproductive
capacity may help to compensate for a higher rate of
larval mortality. The incidence of additional molting
types provides an index of the quality or vigor of
populations, as discussed in the following section on
qualitative differences.

Color changes have been correlated with levels of
crowding in some insects. This condition—phase
polymorphism—is probably best known in migratory
locusts. Gypsy moth larvae and adults respond to
crowding with changes in coloration, with those
reared under crowded conditions being lighter in
color (fig. 2-10). Although this characteristic has been
overlooked in North American gypsy moths, it may
serve as a useful index for predicting population
trends, as is being done in parts of the Soviet Union.

One of the more obvious effects associated with
high larval densities is the wandering of large larvae
during the day, a reversal of normal behavior. This
swarming of larvae is, to many, more of a nuisance
than defoliation, but it is an important larval survival
factor in areas where food supplies are being depleted,
because some larvae disperse to adjacent areas where
food might be more plentiful.

Qualitative Differences

Since their effects are more obvious, climatic
factors, parasites, predators, and pathogens are
examined as elements that regulate gypsy moth
numbers. It is becoming increasingly apparent that
factors inherent in the insect itself must also be
considered. Gypsy moth populations consist of
individuals, and not all of these individuals are alike.
Studies have shown considerable individual variation
in survival, vigor, rate of development, behavior,
dispersal potential, susceptibility to pathogens, and
fecundity, underscoring the need to establish a profile
of the quality of gypsy moth populations to provide
more accurate predictions of population trends.

Qualitative differences are most frequently asso-
ciated with the nutritional condition of the insect and
provide the insect with the means to respond rapidly
to environmental changes. The amount and quality of
the food ingested and the utilization of the ingested
food can be influenced by a number of environmental
factors. The juvenile hormone system is affected by
the nutritional condition of insects, and this system
controls many important biological functions, in-
cluding development, elements of behavior, fecundity,
and the amount of food reserves (yolk) deposited in
eggs.

In the gypsy moth, the incidence of larvae that have
more than the expected four molts in males (five in
females) is considered to be an indicator of a change in
individual quality. An increase in the number of molts
can be induced early in development by factors that
also affect the amount of yolk in eggs, or the
utilization of this food reserve by larvae. A survey of
larvae reared from individual egg clusters showed that
the number of larvae with one or more additional
molts can vary from a few percent to nearly 100
percent. A strong maternal influence is shown in the
amount of yolk deposited in the egg, with a positive
correlation between small egg size (less yolk) and the
incidence of additional molts. Thus, factors affecting
larvae of the previous generation, when energy
reserves for the yolk are accumulated, can influence
the succeeding generation. The utilization of the yolk
by the larva inside of the egg or after hatch prior to
feeding can also affect the number of subsequent
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Figure 2-10.— Lighter color gypsy moths, a color
change due to dense populations.

molts. Factors that prolong the first instar, such as
crowding, starvation, and cool temperatures, also
cause additional molts. Although opinions differ on
how the system functions, the quality of larvae
emerging from the eggs as well as changes occurring
prior to the first feeding affect larval behavior and
dispersal. In other insects, where qualitative changes
are known to occur, they affect dispersal. This
provides for a rapid and efficient mechanism to
respond to environmental factors such as crowding
and results in self-regulation of population numbers.

In populations of insects that undergo a rapid
increase in numbers when conditions are favorable, it
has been speculated that a loss of genetic fitness occurs
because of the accumulation of genes and genetic
combinations that would normally be selected out of

the population. Population crashes would result, in
part, because of the deleterious effects of this genetic
load. Such occurrences might happen with the gypsy
moth, but at present, no genetic information exists on
which to base such an analysis. Like most
lepidopterans, the gypsy moth has a large number of
chromosomes, and specific genes have not been
located (mapped) on the chromosomes. The
inhentance studies of Goldschmidt, although exten-
sive, concern mostly the Japanese gypsy moth and its
interspecific hybrids.

Influence of Man

One cannot discount man’s influence on the gypsy
moth problem, starting with the introduction of the
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insect to this hemisphere, and the continuing
accidental transport of the gypsy moth to new regions
of the United States.

The alteration of the environment by man has also
compounded the problem. Previous cutting practices
have, in some areas, increased the percentages of oaks
in forests. The thinning of forests for suburban
homesites provides a more open canopy that favors
gypsy moth development and survival. Signs on trees
and posts, refuse, stone walls, etc., provide large
larvae with protected sites that are readily utilized. A
small increase in the percentage of survival of large
gypsy moth larvae can have a marked influence on the
size of the population of the next generation.

Pest Management

The ultimate goal of the Expanded Gypsy Moth
Program is to develop sound pest management
approaches to reduce gypsy moth numbers, to keep
populations at low densities, and to retard the spread
of the insect. The dictates of pest management are to
keep population numbers at levels below some
predetermined economic threshold, rather than to
attempt to exert a high percentage of mortality.
Because gypsy moth defoliation can occur in
woodlands utilized for a variety of purposes—
homesites, recreation, forest products, or unmanaged
forests —the economic thresholds for tolerable
defoliation will differ. Most of what follows in this
book provides detailed accounts of research geared
toward providing a pest management program; the
following account is only a summary of some of the
pest management tools now available.

Pesticides

Chemical pesticides provided the first effective
means of reducing gypsy moth populations. Early
treatments utilizing arsenical pesticides sprayed from
the ground required much manpower and were
limited to areas accessible to spraying equipment. The
successes with aerial applications of DDT in the
1950’s were most impressive, but the use of DDT for
gypsy moth control was the cause célebre in much of
the early rhetoric concerning pesticides and the

environment. In retrospect, the use of DDT can be
questioned, but it should be remembered that the
early usage of this pesticide occurred before there was
apparent reason for concern about the environmental
effects and the accumulation of DDT and its
magnification in the food chain were unknown.
Ironically, one factor that made DDT so effective, its
long residual effectiveness, caused its demise and the
subsequent banning of similar compounds.

Pesticides still remain the most effective means of
quickly reducing gypsy moth numbers, but the
compounds now registered for use biodegrade rather
rapidly and do not cause as severe environmental
perturbations. Environmental monitoring accom-
panies all large-scale pesticide operations to reduce
the possibilities of adverse environmental effects.
Aerial application procedures have been developed to
increase the coverage by sprays, which reduce the
amount of pesticide applied per hectare.

Pesticides currently registered for gypsy moth
control include carbaryl, a carbamate compound;
Dylox, an organophosphate, Dimilin, and insect
growth regulator; Bacillus thuringiensis, a bacterium
that produces a toxic crystal; and the nucleopoly-
hedrosis virus (NPV).

Biological Control

Biological agents, parasites, predators, and patho-
gens all take their toll on the gypsy moth. A
considerable amount of research, detailed later in this
book, has been devoted to identifying the role of the
biotic agents and, where possible, to enhancing their
effectiveness. A search for new biological control
agents continues in other countries.

There is an active cooperative Federal and State
program to produce parasites in the laboratoryand to
introduce them in areas where the gypsy moth is
spreading. In some States, parasites that have a wide
host range have been introduced into areas where the
spread of the gypsy moth is imminent, in an effort to
establish them before the gypsy moth arrives.

The incidence of natural control agents is usually
highest where gypsy moth population densities are
high. Under these conditions, the biological agents,



with the possible exception of NPV, have the least
effect on reducing host population densities.
Although a high percentage of the hosts may be killed,
surviving populations are often large enough to insure
an increase in numbers in the next generation.

There are several ways in which the effectiveness of
natural control agents might be enhanced. There have
been some preliminary genetic studies to evaluate
races of parasites from different geographic regions,
and breeding experiments to attempt to increase para-
site efficiency. Some parasites and predators serve as
vectors of pathogens and might be useful to increase
the incidence and spread of gypsy moth diseases.
Several species of parasites have been released in large
numbers to test the effectiveness of mass releases as a
means of reducing host numbers in sparse and
moderate populations of gypsy moth. In Europe, in
periods between outbreaks when gypsy moth
numbers are low and parasites would normally
disperse, egg clusters have been added to increase the
density of hosts and to retain and build parasite
populations. Providing nesting boxes for insecti-
vorous birds and creating or maintaining habitats
favorable for small rodent populations could increase
populations of larval and pupal predators.

The extensive research on pathogens has resulted in
the registration of NPV as a biological pesticide. The
lack of deleterious environmental effects and the self-
perpetuating potential of the virus greatly increases its
value as a pest management tool.

Disparlure

Disparlure, the synthesized sex pheromone, is the
most useful tool for gypsy moth surveys, when used in
traps to attract and catch males. Recent discovery that
the + enantiomer of disparlure is most attractive to
male moths has greatly increased the value of the
attractant for surveys and as a gypsy moth control, by
luring males from the population through use of
disparlure-baited traps and by permeating the
environment with pheromone to confuse the males
and reduce their ability to find females. To be
effective, the air permeation or confusion technique
must reduce mating by at least 90 percent. The use of
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this technique appears to be limited to low
populations of the gypsy moth. The reason for this is
that disparlure elicits a searching response in males,
with moths orienting to and flying up and down tree
trunks. At distances of 0.3 to 0.6 m, males may utilize
vision to find females; if females are numerous they
may be seen and fertilized by males. In sparse
populations, the chances of males seeing females is
greatly reduced and the female pheromone trails will
be masked by the pheromone permeating the
atmosphere.

Genetic Control

There is renewed interest in the release of sterile
males in natural populations as gypsy moth control.
Most gypsy moth females mate only once, and the
eggs of a female mated by a sterile male will not hatch.
Sterile-male technique requires the ratio of sterilized
to natural males to be about 100 to 1. Because of the
numbers of sterilized males that would be required for
moderate to heavy gypsy moth populations, the
technique appears to be feasible only for sparse
populations. Rearing costs and production of males
of equal competitive ability as the males in the field are
important considerations.

The extensive genetic studies by Richard Gold-
schmidt conducted earlier in this century showed that
male gypsy moths from Japan, when crossed with
gypsy moth females from Europe and North
America, produced female progeny that were
intersexes, which have characteristics of both sexes
and are sterile. The release of male Japanese gypsy
moths into North American gypsy moth populations
has been suggested as a means of genetic control.
Although numbers would be reduced initially because
females produced from the crosses would be sterile,
the hybrid males are fertile. When these males mate
with North American gypsy moth females, only one-
half of the resulting female progeny are intersexes; the
remainder are fertile. This approach, therefore, would
add the genes of the species from Japan into the North
American gypsy moth population. When one
considers that the Japanese species is considerably
larger, and hybrid vigor or heterosis would most likely
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result, the employment of this approach might
compound the problem rather than alleviate it.

Silvicultural Control

Altering the forest composition to reduce the
percentage of oaks to about 15 to 25 percent of the
dominant and codominant trees will make the forest
less susceptible to gypsy moth defoliation. In many of
the eastern forests, oaks predominate, often utilizing
sites not favorable for growth of many other tree
species. In some areas, oaks are the most valuable
trees for forest products. The removal of oaks,
prevention of their regeneration, and encouragement
of suitable tree species that might grow on these sites,
plus the expense of these alterations, limit the use of
silvicultural control, although in some instances this
approach might be considered. Areas being developed
for recreational use or for homesites often require the
removal of trees, and oaks could be eliminated and
less favored hosts, such as maples, retained.

Integrated Pest Management

Integrated pest management approaches, which
involve the utilization of the proper control
procedures to fit a particular situation, require a
knowledge of the biotic and abiotic factors affecting
the dynamics of populations and a reasonably
accurate method of predicting population trends;
adequate pest management tools and procedures to
reduce population levels; careful monitoring of the
pest populations; and a system under which
management procedures can be implemented on the
basis of recommendations of pest management
specialists.

Few insects have been studied as much as the gypsy
moth. Most of the factors associated with changes in
population numbers have been identified, and a
predictive model for assessing population trends has
been developed. Adequate measures for population
management are now available and are discussed in
detail in this book.

The key to effective pest management for the gypsy
moth will be how well the populations are monitored

and the willingness of those controlling the
resources—both forests and money—to respond. The
tendency has been to respond to crises rather than to
prevent them, but the continuation of such a policy
will not result in an integrated pest management
program. The alternatives are to do nothing, or to
continue the firefighting approach, which has not
been very effective. Once outbreaks develop, they
spread quickly and greatly increase the area of the
infestation. To reduce the numbers of gypsy moth to
levels where the amount of defoliation is retarded,
high numbers of larvae must be killed, limiting the
control option to insecticides. The insecticides are
applied after dispersal of first-instar larvae has
occurred, and adjacent areas often need treatment in
the following years.

Population monitoring could be restricted to sites
favorable for buildup of gypsy moth populations.
Monitoring would have to be done periodically each
year, not just in those years when populations are
high, and this would require maintaining a cadre of
trained personnel.

The gypsy moth is unaware of political boundaries,
but political decisions will be required at local, State
and Federal levels when many of the pest
management approaches are utilized. For integrated
pest management to work, there must be a trust in the
judgment of the pest management specialist and a
positive response when resources are required to
reduce gypsy moth numbers. Pest management
procedures will often be required before there is visible
evidence of defoliation. A reticence to respond in such
situations will negate the resources and efforts
devoted to developing an integrated pest management
program.

Summary

What does the future hold for the gypsy moth in
North America? Perhaps the future may be predicted
by the past record. The gypsy moth has been in much
of New England for 70 years or more. Historical
accounts provide good documentation of its spread
and damage. For example, the gypsy moth spread



into Maine about the turn of the century, and the
amount of defoliation and area defoliated was
extensive for about a decade. Since the first outbreak,
the record shows a decline both in the number of
hectares defoliated and the duration of each
succeeding outbreak. The insect now appears to be
acting more as a native insect pest than as an invading
species. Although less dramatic, the same trend can be
seen in the remaining New England States. One can
only speculate on the reasons: The introduction and
establishment of parasites and predators; the
appearance of the virulent NPV, perhaps introduced
in early shipments of parasites; a change in
composition of the forests as some oaks were replaced
with species less favorable to the gypsy moth; and
genetic changes in the insect. It is likely that what has
occurred in New England will occur in other regions
that the gypsy moth invades. The stabilization process
of populations will unfortunately not be rapid if
allowed to progress naturally and underlines the
necessity of developing sound pest management
strategies.
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Methods of Gypsy Moth
Detection and Evaluation

Introduction
Robert L. Talerico

Detection and evaluation of the gypsy moth/host
population interaction form the core of any pest
management or decisionmaking procedure. Detec-
tion and evaluation methods rely upon sound,
detailed knowledge of pest/host biological and
ecological relationships; this knowledge, when
coupled with economic or sociological data, allows
decisions regarding management alternatives to be
made on a rational basis.

Techniques of monitoring and assessing the gypsy
moth and the understanding of the overall effects of
the damage it causes have improved greatly in the past
few years, but suitable operational methods to
quantify many of the ecological, economic, and
sociological impacts are still lacking. Furthermore,
aesthetic, moral, political, and emotional impacts
evade measurement. Impacts of this kind, labeled
axiological (Stark 1977), add another dimension to
measurement problems, but they also provide a
location for the effects that appear imponderable and
are not ecological or that cannot be judged on
economic terms. When quantification of these effects
is attempted, it is apparent that many economists
disregard ecology and aesthetics, while many
ecologists will not confront economic reality.

Detecting Populations
Robert L. Talerico

High gypsy moth populations are not difficult to
find; such populations announce their presence
through larval activity and by defoliation visible by air
or from the ground. However, if a pest management
program is to be effective in minimizing damage,
detection should be possible when insect density is
very low, scattered in clumps or pockets and building
in magnitude. During this phase, treatment is simpler
and easier because it is confined to a small area, which
minimizes environmental pollution, and because a
variety of pest management alternatives may still be
considered and implemented. Detection of low-level
gypsy moth populations is also useful and desirable
because it eliminates any sudden, unannounced
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eruptions of the insect, provides information on rate
and direction of the population movement, and
permits lead time for planning and scheduling of
ground surveys, hazard rating of stands, control
treatments, or salvage operations. More importantly,
it provides lead time for managers to plan and budget
the resources necessary to carry out future
intervention.

FEgg Masses

The current method of egg-mass detection is by eye;
a means of detecting egg masses that does not rely
upon visual inspection would be useful in research,
regulatory, and control programs. Since most
organisms emit odors, which are considered chemical
messengers, their detection would reveal some stage of
the organism. Unfortunately, these odors are often
released at very low emission rates, making odor
detection very difficult, especially for humans.
However, man has successfully utilized domestic
canines for hunting and tracking of various biological
organisms, and these same animals have been trained
to detect inanimate objects such as drugs and
explosives.

Wallner and Ellis (1976) successfully trained three
German shepherds to detect and locate gypsy moth
egg masses by their odor. The shepherds were able to
detect egg masses from as far away as 2 m, which
suggests that these animals could be used for
quarantine inspection of vehicles or to detect
suspected infestations of the gypsy moth. Further tests
could be employed to estimate egg-mass density by
relating the number found in a prescribed search
period to actual field density.

Adults

Forms of chemical communication between bio-
logical organisms have been investigated intensively
during the past 10 to 20 years. The isolation and chem-
ical characterization of a sex pheromone or attractant
for the gypsy moth have been difficult processes. For-
bush and Fernald (1896) were aware that the female
gypsy moth was able to attract males from various dis-
tances up to 0.8 km and female-baited traps were used
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in early survey work. Difficulties with the use of live
females led to the development of extracts from the
females abdomen and finally to the characterization
of the active component of the attractant. A detailed
and complete history of the development of the gypsy
moth sex attractant is provided in the section on
pheromones (6.4).

The use of the gypsy moth sex attractant or
pheromone for survey purposes has been detailed in
an agency operating manual for gypsy moth surveys
(U.S. Department of Agriculture APHIS 1977).
Specific information is presented on types of surveys
using the pheromone, timing of the surveys, distance
between trap locations, and training information for
trap-tending personnel that includes trap site
selection, trap design, and placement methods. These
methods have been extracted froma variety of sources
and assembled into a workable set of guidelines for
the field worker.

Quarantine Areas

Spread of the gypsy moth occurs in two ways: By
windblown dispersal of the newly hatched larvae, and
by the inadvertent transport of the insect—primarily
egg masses—attached to vehicles, building material,
and almost any other movable object. Wind dispersal
results in local spread or movement; movement on
manmade objects causes long-distance movement.

Forbush and Fernald (1896) provide an excellent
account of the dispersal of gypsy moth larvae moved
by wagons from infested areas. By 1905, the
infestation had spread from the initial infestation
north of Boston to Maine, New Hampshire, and
Rhode Island. An effort was made to prevent the
shipment of infested products into outlying areas, an
action that eventually lead to Congressional passage
of the Plant Quarantine Act of 1912.

From this act, a cooperative gypsy moth regulatory
control and containment program evolved. This
program is a joint planning and financial undertaking
with the concerned States. Interstate movement of
commodities that may be infested with this insect are
regulated by a Federal quarantine (fig. 3-1). Intrastate

movement of these materials is regulated under
parallel State quarantines.

Inspection and control procedures for enforcing the
Federal quarantine regulations are available from the
Plant Protection and Quarantine Division of the U.S.
Department of Agriculture, Animal and Plant Health
Inspection Service (APHIS) (1976). These procedures
provide State and Federal inspectors with detailed
guidelines on how to examine various commodities
for the life stages of the gypsy moth. If an infestation is
detected, procedures are described for treatment
before the shipment is approved for movement
beyond the quarantine area. Monitoring this type of
shipment is relatively simple.

The greatest concern is with the movement of
recreational vehicles and mobile homes from the
generally infested northeastern region southward and
to the West Coast, which has resulted in spot
infestations along the most frequently traveled routes.
Unfortunately, inspecting such vehicles in transit
would be time consuming and expensive.

Evaluating Populations
Robert L. Talerico

States within and at the periphery of the area
generally infested by the gypsy moth conduct annual
surveys to determine where the gypsy moth is located,
assess density, and speculate on defoliation prospects
for the coming year. Aerial and ground defoliation
surveys and fall and winter egg-mass surveys are used
to develop a composite picture of the situation. This
information is then used to revise records on gypsy
moth spread for regulatory activities and to plan
suppression programs. State and Federal agencies
cooperatively collect and share this information. Of
course, insect density is only one of the items that
should be considered in the process of deciding if an
area should be scheduled for control. Other important
factors include:

Egg-mass size.

Parasitism and predation.
Evidence of virus.

Length and intensity of outbreak.
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e Overwintering gypsy moth mortality.

e Forest tree species composition.

e Tree condition, tree size, and stocking density.
e Forest use.

e Water hazards.

e Weather.

Over the years, rule-of-thumb guidelines have
evolved and been incorporated into state and Federal
operating plans. These guidelines relate broad
estimates of egg-mass numbers per hectare to broad
categories of expected defoliation. Most operational
programs use a criterion for treatment of 1,236 egg
masses per hectare. This threshold is believed to
indicate the potential for heavy defoliation the
following season. Before decisions are finalized, this
egg-mass density value is weighed in relation to the
above factors.

Some areas of high use or valuable timber that have
egg-mass counts in the range of 741 to 1,236 egg
masses per hectare may be proposed for treatment
because of their proximity to very heavy gyspy moth
populations. The treatment is to provide protection
from windblown larvae and large larval migration.
Other States prefer to use a minimum threshold of 618
per hectare as their requirement for treatment. These
differences reflect various experiences and back-
grounds with the gypsy moth over the years.

There are additional uses made of egg-mass density
measurements. Estimates made on the residual
egg-mass population following treatment are one of
the gauges used to measure the effectiveness of a
treatment program. Another use is for monitoring
population change. Estimates made regularly over
time provide an index of population trend, which is
useful for speculating on what conditions might be in
the future, keeping abreast of potential gypsy moth
problem areas, and planning surveys.

Direct Evaluation
Robert W. Wilson, Stephen M. lvanowsky, and
Robert L. Talerico

Any insect stage could be used to determine gypsy
moth population density; however, larvae, pupae, and

adults are present for short periods and would present
some difficult sampling problems. The egg mass is
favored because it is stable over time and available for
at least 8 months, thus provides adequate time for
obtaining population estimates and planning a
control program if needed.

The complete examination of the susceptible area
was replaced with observations on small plots
scattered through the area. This was a much more
efficient method, but it relied heavily on the training,
experience, and thoroughness of the observer.
Undetected or missed egg masses became a critical
sampling problem, especially in borderline cases.

The method employed by New York is representa-
tive of methods used in the region (New York State
Conservation Department 1963). Ground surveys
were made of susceptible areas by using a line strip
plot 80.5 m long and 10 m wide. Live trees, dead and
down trees, undergrowth, rocks, and litter were
observed for egg masses only in the direction of travel,
so the effective area observed was 0.04 hectare. Plot
length was determined by pacing, and width was
judged by eye. The number of plots to establish varied
by size of area and experience of the observer. A plot
could be observed, on the average, in 4 minutes. An
additional 2 minutes were added if light colored bark
(white and gray birch) or loose bark trees (white oak)
were in abundance. These background bark
conditions make detection of egg masses more
difficult.

When the count of visible egg masses was
completed, a prepared list was examined to provide
correction factors for undetected egg masses. The list
contained a number of factors that could influence
egg-mass abundance, such as tree cavities, litter, stone
walls, fences, loose bark, and snow depth. Each had a
numerical score; the scores that best described the
area were totaled. This total was then used to find the
appropriate inflation factor from categories that
bracketed three condition classes with numerical
values of 3, 4, or 5, 5 being the most severe. The class
value was used as a multiplier for the observed
egg-mass count and the result converted to 0.4 ha
values.



A later revision of this method eliminated the need
to score and total the individual factor that could
affect abundance. Instead, the 3, 4, and 5 multipliers
were used to represent forest conditions from open
with a few trees (3) to densely wooded (5).

Different size sampling plots without correction
factors are used by others. Some State organizations
and researchers use 0.04-ha or 0.01-ha plots that may
be circular or square. New Jersey uses a more rigid
system to examine egg-mass density. Observers count
egg masses on 0.4-ha plots every 0.3 km on a grid
system that encompasses the area of known
infestation. Users of line strip plots feel that this
method is less time consuming because time is not
spent measuring boundaries. All of these plot sizes,
however, contain considerable surface area or
locations for egg masses—live trees, dead and down
trees, branches, undergrowth, rocks, litter, and so
forth. To thoroughly examine all locations in even a
0.04-ha plot with some degree of certainty would
require a sizable investment in time and manpower. A
series of smaller plots scattered over the area can
provide a much better indication of conditions and a
better balance between the certainty of locating egg
masses and cost.

In 1973, workers in New York State (New York
State Department of Environmental Conservation
1973) began to use a prism-point sampling method to
estimate egg-mass density. Prism-point sampling has
been used in forestry for many years, and the theory
and procedures are well documented. This method
uses the prism to select the live trees to observe for egg
masses. Tables and formulas were developed to
provide estimates of egg-mass numbers per hectare
and workers feel the method is much quicker and
yields more reliable results than the line strip plot
method.

Egg-Mass Numbers and Quality
Fixed- and Variable- Radius Plot (FV P) Method

Detection of gypsy moth egg masses in sparse or
low-density populations is difficult because a great
majority of the egg masses are deposited on the tree
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near the ground, in the litter, or in protected locations.
Concurrently, but independently of New York State,
in 1974 the Forest Service began to investigate the use
of prism-point sampling for observing gypsy moth egg
masses (Wilson and Fontaine 1978). This method
used the prism method to select the live trees for
observing egg masses but included a fixed-radius,
0.002-ha plot for observing egg masses on all other
material.

In selecting this type of sampling plan, the following
factors were considered:

® Use of small sampling units requires a limited
attention span for the observer, which encourages
careful and accurate counts by field personnel. In
larger units, (0.04 to 0.4 ha), the observer cannot
examine the area in detail in the time he feels should
be allotted to the survey. This fosters a cursory
examination contrary to the survey objectives.
Smaller units give the feeling of accomplishment,
permit the progressive movement through an area,
and should improve the reliability of the survey data.

® Although variation among small sampling units
is greater than among larger ones, the cost is
proportionally less. Thus, larger sample sizes can be
drawn from sampling distributions that tend toward
normality, even with a strongly aggregated underlying
egg-mass distribution. This simultaneously maintains
a given level of precision.

® Sampling effort is concentrated in the largest
component of the egg-mass population. Investiga-
tions in central Pennsylvania showed that 85 percent
of the total number of egg masses per 0.04 ha were
located on the live overstory trees and varied in
proportion to tree size.

® The methods are simple and straightforward for
field use and can be used for other forest assessment
problems such as defoliation estimation for large
areas. The necessary computation can be done on a
pocket calculator.

The sample selection procedure is critical to the
success of the survey. A simple probability selection
scheme meets the needs of simplicity in application,
reasonable cost, and an unbiased estimate of the items
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of interest. This plan employs systematic sampling
with a single random start. A uniformly spaced grid is
superimposed on a map of the area to be sampled.
Each point is a center for a fixed-radius ground plot to
search for egg masses and a prism point for selecting
live overstory trees to observe for egg masses.

The number of points (sample size) to use depends
upon the precision required in the egg-mass density
estimate and on the inherent variability in the egg-
mass population of interest. Variability in the
population is, in turn, dependent on the egg-mass
density. It is possible to sidestep these questions by
accepting a sampling error of 20 percent of the mean
density when that mean is about 741 egg masses per
hectare. Under these conditions, 30 sampling points
are required, a number that will also give reasonable
precision at other egg-mass densities. Alternatively,
provisions are also made for calculating sample size
for any combination of sampling error, confidence
level, and anticipated egg-mass density.

A field crew of three people is preferred to handle
the multiplicity of jobs and speed the work. All crew
members should be adequately trained in all
procedures so that work responsibilities can be
rotated. This reduces errors resulting from monotony
and job fatigue.

Egg-mass surveys can begin immediately after
moth flight has ceased, effectively extending the
period of counting egg masses by 2 months. Waiting
until leaf fall was found to have no appreciable effect
on the ability to observe egg masses. By starting
earlier, more time is available for conducting the
survey, and additional reevaluation of questionable
areas is possible. Finally, more time is available for the
overall planning of any treatment.

This method was developed for areas of 4.1 ha or
more and where egg-mass density is in excess of 247
egg masses per hectare. Searching for egg masses at
low densities is usually unreliable, inefficient, and
costly. Use of the sex pheromone disparlure is
expected to be more efficient for these conditions.

Five-Minute Walks for Observing Egg Masses

A rapid procedure for determining the magnitude
or index of the gypsy moth egg population is a handy

tool for the field worker. Such a method would be
useful for individuals planning control programs to
assess rapidly proposed areas for the need of a more
intensive sampling (FVP) or to monitor population
trends over time.

This method is easy to use. A two-man crew is
deployed in single file. Both count visible egg masses,
but the first individual’s primary responsibility is to
serve as a guide for the second, who follows behind
concentrating on observing and counting egg masses.
Direction of travel and movement is not restricted.
Either individual can keep track of time. When 5
minutes have elapsed, the observers total their counts
of egg masses and divide by two. Two to three counts
by this method should be adequate to classify an area.
A regression relationship has been developed to relate
the S5-minute counts to counts obtained by the FVP
method (fig. 3-2). The coefficient of determination
(R?) for this relationship is 0.83.

Actual vs. Observed Egg Masses

Visual egg-mass observations are plagued by the
problem of reliability. Regardless of how thorough
the search, egg masses are overlooked. Many factors
can influence the observation process: weather condi-
tions, type of ground litter, tree species, stand density,
tree height, infestation level, presence of old and new
egg masses, and observer experience.

The central Pennsylvania infestation provided an
opportunity to examine this problem on selected trees
of white oak (41 trees) and associated oak species (27
trees). Visual observations of all trees were made in
late August and again in mid-October by individuals
with experience ranging from none to over 4 years.
Two observation periods were included to examine
the repeatability of an individual’s egg-mass counts
and to pinpoint the sources of variability between the
two observed counts. The observers were allowed |
full day to count the egg masses. Observation time
averaged about 10 minutes per tree. Binoculars were
the only aid permitted. After the second observation,
the trees were cut and the bole and large branches
examined in detail for egg masses. Most likely a few
egg masses were destroyed in the felling process, but
the number was probably insignificant.
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Figure 3-2.— Relationship between S-minute walks
and FVP egg-mass counts.

A preliminary analysis comparing actual and
observed egg-mass counts tree by tree revealed that
about half of the egg masses on white oak were not
counted, but very few were missed on other oak
species. There were also differences in count accuracy
among observers, but these were unrelated to
experience except that first-time observers missed
more egg masses on white oaks than experienced
observers. A more detailed analysis of main effects
and interactions is being made, and a method will be
developed to deal with the troublesome white oak egg-
mass counts.

Estimating Population Quality

The quality of the insects comprising a population
may be a significant factor in the success of that
population. For the gypsy moth, qualitative changes
usually occur in response to increasing density. This
appears to be characterized by a nutritive change
affecting the physiology of the insect (Leonard 1971).
By analyzing egg-mass characteristics, rearing larvae
from these masses, and observing food sources in the
area, information on population quality can be
derived. This information can be used to guide
population assessment and control recommenda-
tions. If a gypsy moth population is judged
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“unhealthy,” control would be unnecessary and result
in a savings of time and money.

Various symptoms of “unhealthy” populations
have surfaced through observations and experiments.
Egg-mass size and number of eggs per mass have been
found to correlate with population change (Richerson
et al. 1978). New developing infestations have a
greater number of eggs per mass than older
populations, and the masses are visibly larger. These
populations also have a greater number of fertile
nonparasitized eggs per mass and a higher rate of
successful hatching.

Although costly and time consuming, rearing of the
larvae from these egg masses will also provide
additional information about the population. Addi-
tional molts might be detected that could signal nutri-
tional problems (Leonard 1971). More significantly,
the rearing will indicate the degree of latent NPV
infection in the population. Should it be high, treat-
ment might be unnecessary, provided a certain
amount of defoliation can be tolerated.

The food sources present at a location also have a
significant influence on the resulting population
(Capinera and Barbosa 1977). Preferred food (oak)
produces larger pupae and highly fecund adults,
which in turn produce larger eggs. On the other hand,
maple diets are deleterious to the gypsy moth,
producing smaller pupae, lower fecundity, and
smaller eggs. An oak beech diet appears to produce
the same effects as maple, while older instars feeding
on white pine react as those feeding on oak.

An important factor in the population dynamics of
the gypsy moth is variation in the sex ratio. A method
to determine this ratio in the population at the
beginning of the larval stage and at later stages is
desirable. A whole-mount microscope technique has
been developed to determine the sex of fully
developed embryos and early-instar larvae (Levesque
1963). Proper staining technique and magnified
observation of the gonads make this determination
relatively simple and precise.

An evaluation of population quality would add
another expense to the cost of current methods of
population assessment for control purposes. How-
ever, an intensive examination of gypsy moth egg
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masses, larvae, and hosts would provide more
information for the decisionmaker. The collection of
egg masses and information on hosts could easily be
worked into the FVP sampling method.

Larvae and Adults

Suppression efforts are usually evaluated on the
basis of reduction in the egg-mass population after
treatment. This reliance on only one measure could
lead to an erroneous conclusion about the treatment.
For instance, in a treated area, gypsy moth larvae
might die from causes other than the treatment—
parasites, predators, or virus, for example. Unknow-
ingly, this mortality would be attributed to the
treatment. If some intermediate measures of the
population were available, these would supplement
the final egg-mass survey and confirm or deny the
effects of the treatment. Intermediate measures of
population change are especially important when
assessing the effects of microbials and the newer
growth-regulating chemicals. The action of these
materials is not as rapid as conventional chemicals,
and this increases the opportunity for other factors to
interfere with or alter the results of the treatment.

Sampling gypsy moth larval populations is a
difficult problem because of their location and
movement. Several indirect methods have been
proposed for use. One method uses 10-minute walks
to observe and count all visible larvae on tree trunks,
branches, foliage, understory vegetation, litter, etc.
(Connola et al. 1966). Because larval activity is
affected by weather conditions, counts tend to be
lower on overcast days compared to bright, sunny
days. This information should be recorded with the
observed larval count. These counts can be used when
third-instar larvae are present and continue to
pupation.

Other techniques for sampling pretreatment and
posttreatment larval populations have been used.
Doane and Schaefer (1971) made pretreatment
counts of the number of larvae per twig terminal. The
twig terminals were selected at random as each
observer moved through the woods. Similar counts
were made in treated and untreated plots.

The same workers made posttreatment counts of
the number of living larvae on 60-cm branch terminals
and on 60-cm sections of oak trunks using one-half
the circumference of the trunk at about chest height.
The branch terminals and trees were selected at
random as the observer moved through the woods.

Frass coilections can also be used to monitor larval
activity (Connola et al. 1966). Frass can be collected
for various time periods to provide an index of the
population. Connola et al. (1966) describe the use of
1X2 m fine mesh cheesecloth drop cloths erected in
hammock fashion to collect frass. The cloths are
positioned directly beneath infested foliage. A small
weight is placed in the center so that the frass will
collect in the depression and not blow away. The dry
frass is collected as often as possible but at least every 4
days. After collection, the frass is cleaned of debris—
leaf fragments, cast skins, other frass, etc—and
weighed. The frass can be screened to separate the
various larval instars and to obtain frass production
estimates by instar for each collection or production
by day per drop cloth.

Frass collecting is prone to many disturbances.
Wind and leaf movement can deflect frass from the
drop cloth or blow more into the cloth. Condensation
and rain make the frass difficult to collect and
separate from other debris. Animals can also upset the
cloths, resulting in breakage and loss of frass.

Adult activity can be monitored with the gypsy
moth pheromone. Baited traps can be placed in areas
of interest to learn if male moths are present. Once
detected, delimiting the infestation  boundaries
requires more effort. This can be done effectively with
a pheromone-baited trap, arranged in a grid pattern
(see Disparlure-Baited Traps for Survey and
Detection, chapter 6.4). In addition, the Plant
Protection and Quarantine Division of the Animal
and Plant Health Inspection Service is working on
relating trap-catch densities to egg-mass numbers.

Defoliation as an Indirect Means of
Population Assessment
Robert L. Talerico

Next to larval abundance, defoliation is the most
obvious indication of a gypsy moth problem. Like vis-



ual observation of egg masses, defoliation estimating
methods vary with individuals and by organizations.
Rating schemes are usually timed to depict peak or
maximum defoliation. The schemes used range from
broad defoliation categories of light, moderate, or
heavy, to the ranking of defoliation by decimal units
expressed as a percentage. A combination of these
two methods is also used—for instance, light defolia-
tion might be equated to the decimal units of 0-30
percent.

All these categories are subjective, and anyone
using them has his or her own mental impression of
appearance. Although the human eye is a good
integrator of the presence or absence of foliage,
standards for defoliation categories of hardwood trees
are not available for reference. Nevertheless, de-
foliated acreage by categories is used as one indication
of the potential need for control projects the following
year.

The visual rating of defoliation is also complicated
by a variety of problems beyond the control of the
observer. Observing a tree crown in a forest is difficult
because of the surrounding trees, the shape of the
crown, background lighting, sun angle, and viewing
angle. Obviously, an open grown tree has a much
different shape and quantity of foliage than one
growing in competition with others in a forest
situation. Crown shape also varies within and among
tree species.

The ability to express defoliation levels accurately is
needed if valuable trees or stands are to be kept in
peak growing condition. Different levels of defolia-
tion trigger specific responses by the tree. One level
causes the tree to try to refoliate that season. A lower
level elicits no response, while a greater degree results
in no attempt to refoliate that season. These responses
result from complicated physiological processes that
are tempered by many biological and physical factors
or processes not yet completely understood. Refolia-
tion causes a depletion in food reserves of the trees
that could affect tree conditions in subsequent years.
If the critical level of defoliation was known and the
refoliation process understood, treatment could be
targeted to prevent excessive defoliation and to limit
such responses as tree and branch mortality and
reduced increment.
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Ground
Visual

Visual ground estimates of defoliation are made to
classify a particular location or tree. This might be
done to determine infested areas, rate locations for
planning control projects, or determine the protection
received from a control treatment. If large areas are to
be surveyed, a large, trained, experienced work force
would be needed to cover the area during peak de-
foliation. The interactions among weather, insects
and trees cause the time of peak defoliation to vary by
location, larval development, and stand composition
from June 15 to July 15 for the gypsy moth.

Details about observing defoliation on hardwoods
are few. The simplest advice is to observe tree-<crown
foliage with or without binoculars and to estimate the
percent of foliage removed (Connola et al. 1966).
Another method is to observe sample leaves selected
at random for various parts of the crown and to
estimate the average percent of leaf surface removed.
Some individuals rate preferred hosts (oak) separately
and then make an estimate of the forest canopy in
general.

Point Sampling

At times, estimates of defoliation are needed for a
large area to record foliage protection provided by a
control measure, to monitor defoliation for a specific
research project, or for other reasons. The FVP
method can be used to acquire these estimates.

For this use, the FVP plot layout should be
established in the same way as when observing egg
masses, but because the low vegetation, litter, etc., are
not rated for defoliation, the fixed plot is eliminated.
‘The sample point is located and the same prism is used
to select trees for observing defoliation. The tree is
rated by estimating the amount of foliage removed
and record is kept for each tree by sample plot. When
all points have been observed, the defoliation
rankings are totaled and divided by the number of
plots to obtain an area estimate of defoliation.
Ancillary information can also be recorded if desired.
Defoliation rankings can be recorded by tree
diameter, species, or crown class, and estimates can be
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made on this basis. The result is a ground estimate of
defoliation that is representative of the area of interest.

Aerial

Aerial methods for observing defoliation provide a
synoptic view of conditions over a large area. Data
from an aerial survey are obtained rapidly, provide a
timely picture of conditions, and, with proper
planning, can be very thorough. Weather conditions
and haze can interfere with the timing of flights, but
this should not be a major problem. Several methods
of aerial observation are used. Of course, all methods
should be supported by ground information to verify
the cause of defoliation and the intensity.

Sketch Mapping

Aerial sketch mapping is conducted as a line strip
plot ground survey except that 100 percent coverage is
necessary for the entire area. Flight lines are usually
spaced 6.5 km apart, the distance normally seen by
observers flying at air speeds of 140 to 160 km per
hour and at altitudes of 610 to 914 km. Two observers
are used, each observing a portion of the flight line
from one side of the plane. A third crew member is
frequently used as a navigator or a tracker to assist the
pilot in getting on and maintaining the flight line.

Aerial sketch mapping is done on large-scale maps
that are bulky and difficult to handle in the small
cabin of an airplane. To overcome this difficulty, a
map-rolling device is used (Merkel et al. 1955) that
permits a long strip of maps to be contained in a very
small space and provides a sketching surface for the
observer.

A variety of maps can be used as a base. County
highway, National Forest, or U.S. Geological Survey
topographic maps have been used successfully. Maps
to be used in the survey are assembled and glued
together. Flight lines are added and the map cut into
strips that may cover one or more flight lines. The
strips are taped together in sequence and wound in the
map roller.

In operation, the observer holds the device in his or
her lap and advances the maps as the terrain passes

below. Infested areas are plotted as observed. Later
on, the ground observers transfer their observations
to a map of the whole area and reconcile defoliation
boundary differences. Areas in each category can be
determined with a planimeter or dot grid.

Operations Recorder

If greater precision is necessary, the same type of
survey can be conducted with an operations recorder
(Heller et al. 1952). Greater control must be
maintained over navigation, height, and speed of
aircraft and data recorded. In order to obtain a
fivechain (100.6 m) strip, the airplane must be flown at
152.4 m above the ground, and speed must remain
constant between check points. The observers record
timber type —nonforested, pine, hardwood, etc., and
degree of defoliation along the flight line with an
operations recorder. Ground checking should be done
to verify the aerial estimates of forest type and
defoliation. Analysis is by flight lines and means and
variances can be calculated. The primary limitations
of this technique are that it is restricted to flat terrain
and is most efficient for large areas.

Published data on areas defoliated by the gypsy
moth in various States are confusing and difficult to
interpret, because no standard categories of defolia-
tion have been adopted, and until recently, no
practical means for differentiating degrees of
defoliation were available (Talerico et al. 1977). As a
result, defoliation just barely visible in an aerial survey
in one State may be classified as light; in another, such
as Pennsylvania, it may be classified as moderate
because in their system, light defoliation is considered
to be detectable only from the ground. Pennsylvania
reports no light defoliation because it does not
conduct the ground surveys needed to delineate this
level. Yet this level of defoliation, which probably
affects thousands of acres of Pennsylvania forests
each year, is not reported.

Other problems also influence the reliability of
these surveys. The defoliation estimates rely upon the
observer’s experience, motivation, and subjective
judgement of the amount of foliage present or absent.



During the flight, the observer must contend with
many personal and physical problems that can
instantaneous while flying at 140 to 160 km per hour.
Other typical problems are long periods of flying in a
cramped position which affects the attention span,
boredom when damage is not evident, sun angle, and
even air sickness with certain flight conditions.

Aerial Photographs

Aerial photography offers a means to permanently
record forest canopy conditions on a large area very
rapidly and with considerable detail. This method
eliminates many of the personal comfort and physical
problems encountered in sketch mapping, but it is still
weather dependent and relies upon subjective
classification on defoliation categories. Classification
by the photo interpreter depends upon color, tone,
brightness, and texture differences. The interpreter
critically examines suspect areas in detail and, where
necessary, uses optical magnification before a decision
is made on the defoliation level. Over time, an
interpreter can develop reference material to
document various levels of defoliation. The reference
material should be supported with ground obser-
vations.

Film type, scale, and timing of the photography
affect the information that can be extracted from the
film. Kodak® Aerochrome MS film 2448 (TC) and
Kodak® Aerochrome Infrared film (CIR) 2443 are
frequently used to record defoliation. CIR film hasan
advantage because of its ability to enhance subtle
differences in reflectance, which are barely discernible
in the visible wavelengths alone, and because of its
haze-penetration characteristics. This film also
records near-infrared and red-energy relationships,
which have been shown to indicate vegetation stress
(Colwell 1956).

The scale of the photography influences the
amount of detail that can be seen on the film. If
individual tree crowns or small plots are to be
observed, a large scale is indicated, but if large
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forested areas are to be observed, a moderate to small
scale is appropriate. The scale of the photography can
greatly influence costs and must be balanced against
the objective of the photography.

Timing of photography is important because
foliage is developing and maturing as the insects feed.
As the larvae grow, the rate of feeding increases, and
large larvae are responsible for most of the
defoliation. Moreover, following larval feeding, trees
may add new foliage. If photographs are acquired too
soon or too late, an erroneous view of defoliation will
result.

Photometric Interpretation

Aerial photographs are a unique method for viewing
defoliation because they provide a visual record of
how the forest canopy appeared at a particular point
in time. Sequential photography of an area can be
examined and qualitative comparisons of the defoli-
ted areas made within or between years. However,
peak defoliation does not occur uniformly over a
large, hilly, forested area. As a result, this type of
comparison is subjective and influenced by many
factors that interact to affect the final film image—
atmospheric conditions, camera and lens factors, film
handling before and after photography, and film
processing. The role of peripheral effects on film
analysis are varied and complex (Lillesand 1976), but
a relatively new technique is available to correct for
these variables and permit accurate objective
sequential comparisons.

Methods to quantify and negate peripheral effects
have been developed and described in terms of
photometric interpretation (Piech and Walker 1971,
1972). This process originally evolved from intensive
efforts to expedite the detection of stressed vegetation
using aerial photographs. For photometric interpre-
tation, the camera and photograph become a
precision photometer enabling measurements of
ground reflectance over large areas. Through ground
truth, reflectance measures can be related to a ground
variable of interest—defoliation. This method should
reduce the field data-collection effort dramatically.
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The scene color standard (SCS) technique (Peich
and Walker 1971, 1972) involves a camera photo-
metric calibration technique and a new information
extraction system, photometric interpretation, used
for analyzing the color aerial film. Photometric inter-
pretation is an analytical method in which the
apparent densities of objects, including the at-
mosphere, flare light, and the recording system, are
removed to provide true reflectance values of ground
objects. Lillesand (1976) provides a detailed descrip-
tion of this method.

The SCS technique was used to develop a
photometric measure of defoliation for CIR film at a
scale of 1:31,640, which was related to visual estimates
of defoliation from the ground (fig. 3-3). The third-
order polynomial regression equation that describes
this relationship is:

Percent defoliation (CIR)=[-475.0900+41.7470 X
~0.9925X°+0.0072.X']X 100

where

&'—{X Rg XRIR+ Rr+ Rg—1
Rr  Rowm 3

X=

Rir =crown reflectance in the near infrared.
Rk =crown reflectance in the red.
Ri=crown reflectance in the green.

Rim=0.03, crown reflectance in the green at
maturity.

This polynomial provides a more reasonable
description of the data at the extremes and a slightly
higher correlation (R°=0.78) than a linear model
(Talerico et al. 1977). An examination of the residual
sum of squares for each model indicated that the
polynomial coefficients were adding significant
information to the function.

For CIR film, this measure of defoliation is
independent of photo scale. Limited use has revealed
two problems. First, the location of the sun spot on
the film has a significant effect on the measured
reflectance values. This sun look angle relation has
been termed perspective (shadow) projection (Walker
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Figure 3-3.— Relationship between photometric
defoliation measured and observed defoliation.

et al. 1977). Once identified, correction can easily be
made for this factor. The second problem relates to
crown condition at the time of measurement. The
effective chlorophyll mass and/or leaf stacking of
vigorous crowns appears to be greater than that of
previously defoliated crowns. The photometric
measure was developed from a canopy that had been
defoliated or prestressed a year earlier, and as a result,
the measure appears to be valid for prestressed crowns
over the full range of 0 to 100 percent defoliation. But
this relationship is valid for all crowns within the
range of 30 to 100 percent, regardless of prestress.
Since this is the range frequently mapped by aerial
sketch mapping, the photometric method can be
considered as good as aerial sketch mapping.

CIR photographs of the 1975 Bald Eagle State
Forest test site in Pennsylvania, exposed on July I,
1975, were assembled into a mosaic of the area (fig.
3-4). From this film a color-encoded infrared-to-red
ratio mask was made and examined to determine how
well this ratio depicted defoliation effect. The resulting
map is shown in figure 3-5 and demonstrates the
detail that can be achieved in comparison to an aerial
sketch map of the same general area (fig. 3-6). If low
levels of defoliation can be detected with these
methods, infestation foci might be detected and
marked for further monitoring or for early treatment.



Satellite

The repetitive coverage afforded by the NASA
Landsat satellites makes this system ideal for
monitoring and assessing defoliation over large
geographic regions on an operational basis. The
satellites are able to depict current conditions over
large regions in a matter of hours, thus practically
eliminating differences in conditions from one side of
a region to another. The periodic coverage permits an
interpreter to view the defoliation of a region from
start to finish and construct a realistic defoliation map
that accounts for topographic and insect host effects.
Similar coverage with aerial photographs would
require days or weeks with aerial sketch mapping;
during this time tree condition would undergo

1 mile

Figure 3-4 — Color infrared mosaic of Bald Eagle
State Foresi, Pa., test site.
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considerable change, and therefore the map would
not reflect the true condition.

Like any aerial system, cloud cover limits collection
efforts by Landsat. A recent examination of Landsat
records for the gypsy moth infested area in the North-
east showed that cloud cover of 30 percent or greater
is possible 60 percent of the time between June 15 and
July 15, the approximate period of peak gypsy moth
defoliation. During this time, special priority
authorization for Landsat data may be necessary to
assure availability of the imagery needed to generate a
defoliation map.

Rhode and Moore (1974) showed that it is possible
to assess gypsy moth defoliation from satellite im-
agery. However, they were not able to quantify
degrees of defoliation accurately and relied upon
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Figure 3-5.— Photometric defoliation map from July
1, 1975, CIR film of test site.

conventional photo interpretation clues such as
uncalibrated brightness and tonal changes to
distinguish among heavy defoliation, light-to-
moderate defoliation, and no defoliation. Williams
and Turner (1974) also demonstrated the utility of
Landsat imagery by using spectral signatures of
defoliated and nondefoliated areas to produce a map
outlining heavy defoliation for a small area in
northeastern Pennsylvania.

To examine the feasibility of using Landsat imagery
for map defoliation, multispectral scanner (MSS)
images were obtained for the area photographed with
CIR film. The infrared (IR) and red (R) bands were
combined into a ratio mask and density sliced to
reflect defoliation levels. A color-encoded scene was
generated on a television monitor. This defoliation

map (fig. 3-7) was compared with the map produced
from the CIR film (fig. 3-5). The defoliation patterns
are quite similar, although the Landsat data were
acquired on June 20, 1975, and the film on July 1,
1975—a difference of 11 days.

In addition to MSS images, satellite data were also
obtained in digital form on computer compatible
tapes (CCT). It appeared that use of the data in this
form might produce significant cost savings, because
all data manipulation from the SCS technique
calibration to map production could be accomplished
with a computer; however, before this could be done,
it was necessary to develop a mathematical function
to relate observed visual estimates of defoliation to
reflectance measurements just as was developed for
the CIR film. Data from ground plots were used with
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Figure 3-6.— Aerial sketch map of test site, 1975 .

the June 20, 1975, CCT data. This relationship was
found to contain the same reflectance variables as for
the CIR film and can be expressed as

percent defoliation (CCT)=[-291.25+16.831X
-0.2385X°+0.0010 X°]X 100

where X equals the defoliation/ reflectance param-
eters of the previous equation.

This third-order polynomial provided a correlation
coefficient (R’) of 0.79 (Walker et al. 1978).

To demonstrate the validity of this measure, a
photometric interpretation map was prepared from
CCT data for comparison to an aerial sketch map of
the same area in central Pennsylvania for 1976
conditions. The aerial sketch map was a composite

from crown conditions observed from flights made on
June 4 and 5,1976, and on July 18, 1976 (fig. 3-8, A).
The photometric map used July 19, 1976, CCT data
(fig.3-8, B). Entomologists and foresters working in the
area agreed that peak defoliation occurred between
June 26 and July 2, 1976. The timing of the aerial
flights makes comparisons difficult because this map
is an ex post facto description of crown conditions
tempered by observations of early defoliation and
observed refoliation patterns. Even with aerial
photographs and photometric interpretation methods,
this type of correlation has not been successful
(Walker 1976).

However, some inference is possible, although the
maps do not permit a valid comparison. The
photometric map shows much more area in the
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heavy-defoliation category. This might reflect the
stress condition exhibited by the stands as the result of
1 or 2 years of defoliation. This condition would not
be evident in the visual assessment. Many of the light
and moderate areas are in close agreement, but the
photometric map provides much more detail.

The detail that can be achieved with the CCT data is
demonstrated in figure 3-9, which is a portion of
figure 3-8, A. This raw computer printout has been
shaded manually to aid in visualizing the three general
defoliation categories—low, medium, and high. Each
numeral on the printout represents an approximate
10-percent increment in defoliation. This is the
average defoliation level over an approximate 0.5-ha
resolution element (pixel) of forest canopy. For this
demonstration, every line of data was used, but only

every other pixel was evaluated and printed. The low
and medium-to-heavy defoliation patterns match
fairly well with the sketch map, but the aerial observer
cannot sketch such detail on a map. In the future,
investigators might consider using an algorithm to
classify broad areas (20- to 40-ha blocks) on a scene
into a single defoliation category based on the
probability of pixels classified in each category. The
resulting map would lack the detail, but patterns
would agree mote closely with what the aerial
observer views and records on the sketch map.
Another area (fig. 3-8, B) was mapped with the
information content reduced by another factor of two
by printing only every other line of data and only three
levels of defoliation were encoded (heavy—x,
medium—o, and light—no symbol). In the area of
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H—High defoliation 61-100%
M—Medium defoliation 31-60%
L—Low defoliation 0-30%

D

@ —Infestation centers

™
~I\NY]

Scale 1/236,000

—Nonforest areas

Photometric map

A.

‘Subjective judgment of defoliation map for Bald Eagle
State Forest 1976 from
aerial sketch mapping and ground surveys

ML
‘M

Legend
VY H—High defoliation 67-100%
M—Medium defoliation 31-60%
L—Low defoliation 0-30%
) —Nonforest areas
@ —Centers of infestations

Scale 1/236,000

Sketch map

Figure 3-8.— Comparison of sketch (A) and photo-
metric (B) defoliation maps, 1976.

overlap with the first printout, the pixels (symbols)
shown in any one line of data are the pixels not printed
in figure 3-10. Even with the further reduction in data
lines printed and the use of pixels among those printed
in figure 3-9, the general patterns of heavy and
medium defoliation in the area persist.

Recommendations for Implementing System

The necessary cost studies of the various aerial
methods for detecting and assessing defoliation have
not been made, but some cost figures are available and
comparisons can be made if a few assumptions are
allowed.

Aerial sketch mapping is the only method
employed routinely to locate and rate gypsy moth
defoliation. Costs are difficult to find in the literature
and must be inferred from the amount spent for the
forested area available. Walker et al. (1977) assumed a
mean value of $1.22 per 405 ha from information
available for the State of Pennsylvania. These costs
appear to be reasonable for most States in the North-
east where two observers rent a light aircraft and fly
over forested areas to locate defoliation. They record
the defoliation by predetermined categories on maps.
Once on the ground, they transfer this information to
other maps, reconcile differences, and forward this
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To acquire CIR aerial photographs by jet aircraft

The time required to obtain the defoliation data is
for a State such as Pennsylvania, which has 6

variable and depends on many factors. Peak de-
foliation can occur at different times within a region
and depends on temperature differences resulting

map to a central office that compiles a picture of
from aspect, topography, and geographic location.

defoliation for the State.
Furthermore, weather and visibility problems can

extend observation times. As a result, the conditions
on an overall map may describe a temporal period of 4

to 5 weeks that represents the “best estimate” of

Figure 3-9.— Digital printout and mapping of gypsy
conditions.

moth defoliation (location fig. 3-8,A).

ha of commercial forest, would cost about $110,000,
or $11 per linear km (Walker et al. 1977). The cost per
405 ha would be $0.65. To this figure must be added
the film and processing costs. Weather and cloud cen-
ditions would also influence the mission and film
acquisition. A considerable number of photographs
would have to be interpreted before the defoliation



picture of the State would be available. Once defolia-
tion levels are mapped, areas can easily be measured
with an electronic planimeter. If objective photomet-
ric interpretation is applied to this film, correction
must be made for the illumination look angle problem
present on the aerial photographs. The correction
would add an additional step to the calibration proce-
dure but could be handled by a computer program
with little addition to the overall cost.

Mathematical relationships and demonstrations
have shown that there are quantitative relationships
between forest crown condition and the spectral
reflectance of the forest canopy as measured by pho-
tometric interpretation methods for CIR film, Land-
sat MSS imagery and CCT data (Talerico et al. 1977,
Walker et al. 1978). Visual analysis of MSS imagery is
as subjective as aerial sketch mapping, and the same
categories of defoliation can be distinguished. The
cost of this type of assessment is about $0.36 per 405
ha (Walker et al. 1977).

A more objective analysis of Landsat data is possi-
ble with photometric interpretation methods. If only
the infrared-to-red ratios are used to map two levels of
defoliation—31 to 60 percent and 61 to 100 percent—
costs on the order of $0.50 per 405 ha are possible
(Talerico et al. 1977). Using the full defoliation mea-
sure for the CCT’s should not increase this cost. Cost
reductions seem possible through software streamlin-
ing and through the use of only part of the Landsat
digital data. Mapping only these levels would be com-
parable to the results of aerial sketch maps, but this
map would more accurately depict crown conditions.
These estimated costs for gypsy moth defoliation
mapping are tabulated for quick comparisons (table
3-1).

Of course, all methods should be supported by
ground information to verify the cause of defoliation
and the intensity.

Future defoliation assessment systems should
consider some form of Landsat data collection and
employ SCS techniques. Costs are favorable; the
Landsat product is well documented, and availability
should improve. Cloud-cover problems might be
overcome through additional satellite coverage or
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Table 3-1.—Comparison of methods and costs for acquiring
and mapping gypsy moth defoliation data

Methods of estimating defoliation Estimated cost

and area by categories per 405 ha
Aerial sketch mapping $1.22
Jet aircraft with CIR film 651
Landsat
MSS imagery 362
CCT digital .503

'Factors for film and processing not included.
2Utilizing visual interpretation of imagery.
3Cost reduction appears possible.

perhaps by the use of overlap between the preceding
and succeeding daily passes. The overlap might be
sufficient at the latitude of the Northeast to obtain an
impression of how crown conditions are changing
until the next clear scene is available. Another
alternative would be to monitor Landsat data closely
for cloud cover over the area of interest. If the records
show greater than 30 percent cloud cover, sketch
mapping or photo flights might be used to acquire the
data if timing is critical. This would require close user
contact and cooperation between NASA and the user
community. Again, whatever system is employed,
ground checking is necessary to verify defoliation
conditions.

Egg-Mass Density/ Defoliation Relation-
ships
Robert W. Wilson and Robert L. Talerico

The ability to predict the degree of defoliation from
egg-mass numbers is useful in planning gypsy moth
management activities. The relationship between egg-
mass density obtained by the FVP method and
defoliation the following year is shown in figure 3-11,
which reflects central Pennsylvania conditions. The
coefficient of determination (R’) for this relationship
is 0.73, a promising relationship considering all fac-
tors—weather, parasites, predators, dispersal, disease,
etc.—acting upon the populations and affecting final
forest defoliation levels.
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DEFOLIATION ESTIMATE 1976

FVP EGG MASSES COUNT—1975

Figure 3-11.— Relationship between FVP egg-mass
counts and subsequent defoliation.

Management Tools
Robert L. Talerico

Coping with a pest problem has become very
complex for the forest or pest manager. The ultimate
decision must balance the cost of control against
economic, environmental, and social values. Many
unknowns are involved because all the interactions
that may be involved are just beginning to be
understood. Although the gypsy moth has been
studied for many years, it is still extremely difficult to
predict exactly what a specific population will do in
terms of subsequent defoliation and mortality to
forested community, the effect the control agent may
have on the environment, or the influence of the insect
on man and his environment.

Gypsy Moth/
Forest Interaction Model

To gain some insight into the defoliation and tree
mortality problem that can result from a gypsy moth
infestation, historical data (Campbell and Valentine
1972) has been assembled and analyzed to provide
guidelines for decisionmakers to use in assessing

current conditions. Tabular data assembled by
Campbell and Valentine (1972) describe how tree
condition and mortality differ over time with varying
levels of defoliation history. These same data were
also used to develop an empirical model to simulate
the gypsy moth forest interaction in many stands and
over many years to yield estimates of future egg-mass
density, defoliation, tree condition, and tree mortality
(Valentine and Campbell 1975). This model will also
yield frequency distributions of expected egg-mass
density and defoliation levels for one stand in 1 year.

Other models and procedures have been suggested
for use by decisionmakers. Valentine (chapter 3, A
Model of Oak Forest Growth Under Gypsy Moth
Influence) has proposed tree and insect models that
are formulated on biological and physiological proc-
esses. Experiments are underway to refine and
validate the model parameters so that they truly
reflect biological conditions.

Decision Tree Methods

The decision tree technique is a structural method
for making a choice among alternatives when many
uncertainties exist. For gypsy moth control efforts,
the underlying problem is the uncertainty about what
level of defoliation will result. With this method, a
benefit/cost comparison of the alternatives is pos-
sible. The method has been demonstrated on a hypo-
thetical gypsy moth problem using published data
(Talerico et al. 1978). The subjective judgments of
probabilities used in the decision tree analysis can be
replaced by probabilities generated with a process or
systems model. Valentine et al. (1977) describe this
process and a system model that is compatible with
the decision model.

A Model of Oak Forest Growth Under
Gypsy Moth Influence
Harry T. Valentine

Introduction

Impact assessment of reductions in forest growth
and yield caused by insect defoliation is needed to



facilitate forest management planning. One cannot
measure impact, however, because the growth or yield
of a forest stand that should be expected in the
absence of the insect is never known. One must
therefore resort to a grandiose experiment or, better,
to a model to predict the expected growth and yield,
and then compare these with the actual growth and
yield influenced by the defoliating insect.

In order to assess the influence of gypsy moth on
oak forest productivity, a model was synthesized that
simulates the growth of individual trees in an
evenaged oak forest stand. The rates of change of tree
components are described by difference and
differential equations.

Most extant forest growth models, the purposes of
which are the generation of yield tables, consist of
systems of empirical equations based more on
statistical than biological rationale. The parameters
are estimated from data by least squares or maximum
likelihood techniques. With these empirical approaches,
there is more concern for precise predictions of yield
than for description or understanding of the
biological processes that produce the yield.

This forest growth model was developed using a
mechanistic approach (although it is not without
empirical compromises). Rather than fit curves to
data, an attempt was made to quantitatively describe
biological processes. The function that describes the
growth of trees is based on physiological processes,
and the influence of gypsy moth on that growth is
described by functions that correspond to real
processes—for example, larval browsing, larval
growth, and larval mortality. Parameters of
mechanistic functions are sometimes measured and
sometimes precisely estimated following experimen-
tation or sampling. Initial parameter values are often
subjectively assigned and then adjusted during
sensitivity analyses.

This model is designed to describe gypsy moth
influence in existing oak forests. It starts with a
description of an existing stand that is sampled as
fixed-area plots. It requires two measurements of the
diameter at breast height (d.b.h.) of each tree
separated by 5 years or more. The two measurements
are used to calibrate the diameter-squared growth rate
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(the difference between the tree’s diameter squared at
two different times) of each tree. Tree growth is
influenced by crowding, which is estimated with a
simple stocking formula requiring no intertree dis-
tances. (Stocking is the ratio of current tree density to
the assumed density for optimal stand growth.)
Consequently, the sampled plots should be 0.1 ha or
larger so that stocking will be computed accurately
and so that the death of a few trees and the
concomitant reduction in crowding will not unduly
influence the simulated growth of the residual stand.

Assessment of gypsy moth impact is accomplished
by running the forest growth model twice—with and
without gypsy moth influence—using the same initial
conditions each time. The change in forest growth due
to gypsy moth influence is obtained by con:paring the
two runs or, preferably, many pairs of runs. Control
decision rules are evaluated by simulating forest
growth a third time from a given set of initial
conditions. The influence of gypsy moth on forest
growth and the influence of control treatments on the
gypsy moth population are simulated. A control
treatment is applied when the conditions of the
decision rule are met. The cost effectiveness of the
control decision rule can be evaluated by comparing
the rates of return on forest management investments
with and without control treatments.

Forest growth (which is the combined growth of
individual trees) is simulated in the time step of 1 year.
If gypsy moth browsing is predicted for the growing
season, this process is modeled with a system of
differential equations. The solutions of the differential
equations are used to adjust the growth of the indi-
vidual trees of the stand. The amount of adjustment
depends on the amount of foliage consumed by gypsy
moths. How this is done will become apparent after a
discussion of the forest growth model and the
differential equation model, hereafter called the gypsy
moth submodel.

The Forest Growth Model

The fundamental equation of this model has the
yearly increase in a tree’s volume (AV) equal to the
total net photosynthate (P) exported from the foliage,
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less respiration (R). Here respiration is defined as the
use of P for purposes other than wood production,
such as foliage production, maintenance respiration,
and net change in stored substrate, so that

(1) AV=P-R.

Both P and R are assumed to be measurable in
units equivalent to a dimensional measure of wood
volume. Moreover, a tree is assumed to maintain a
level of stored substrate equal to aV. Rewriting (1)
with R expressed as a quantity of substrate equivalent
to wood volume yields

(2) AV=P-(A+n+p+p)V
or, letting & =A+p+ u,
AV=P-aV-nV.

A\, 7, p,and u are parameters, and V is tree volume, so
that
AV=Substrate used in first flush or leaf production.
nV=Substrate used in second flush or leaf pro-
duction (refoliation), if any.
pV=Substrate used in maintenance respiration of
all living tissue other than foliage.
uV=Net increase in stored substrate that maintains
the level of stored substrate optimally at aV.
A modification of (2) is necessary to describe tree
growth when defoliation or other processes cause
respiration to exceed photosynthate production:

P-aV-9V<O0.

In that case, growth is zero and stored substrate is
used to maintain living tissue:

AV=0=P-aV-qV+o'V
so that

oV=aaV+nV-P

where oV is a deficit in the optimal quantity of stored
substrate. In the following year, (2) is modified so that

B) AV=P-(ax+n+a)V
or, if the tree is defoliated again, so that
P-(ax+n+a)V<0
then
AV=0=P-(m+n+a)V+a"V

where a”V is the new deficit in the optimal quantity of
stored substrate. If at any time stored substrate is
totally depleted, the tree is presumed dead and treated
as such.

Diameter-Squared Growth Rate

To put (2) in terms of measurable tree dimensions,
it was assumed that P, in the absence of defoliation,
should be proportional to the foliage quantity of the
tree, which in turn is proportional to d.b.h. squared
(D?) (Shinozaki et al. 1964). It was also assumed that
V equaled D’ H, where H is tree height, yielding

4) AV=aD'-ayD’H.

If V equals D*H, then
AV=AD’H+AHD’+AD’AH.
Assuming height growth precedes D’ growth, the
contribution of D’ growth to volume increase is
AD’H. Substituting AD* H for AV in(4) and solving

for AD’ yields
(5) AD*=aD'/H-aD".
According to (5), D’ (basal area of a tree) increases

from year to year until @/ H equals a. Therefore,
when maximum height is reached, which in reality



would mean no apicél growth and consequently no
foliage production, all volume growth of a tree should
cease.

If the model used (5) to estimate AD’, a height
estimator would be needed. For the present purpose
of the model, H was replaced in (5) by D*’, making
use of Greenhill’s (1881) height/diameter relation,
yielding

6) AD'=aD*’-a;D’.

The quantity of photosynthate produced by a tree
over the course of a growing season will depend, to a
large extent, on the amount of light energy it receives.
Accordingly, potential tree growth should vary over
time as the stocking level of the stand changes. To
account for the effects of stocking, a scaling factor, C,
was added to (6) to give a simulated response to
changes in stand stocking:

2

(7) AD’=aCD"’ -a D"

C varies between 0 and 1, and is described by the
following equation:

8) C=bi/(1+(8/b2)P)+ ba/(1+(S/bs)y*)

where b1, by, ... be are parameters with the
constraint that b, + by = 1. S is the stocking percent of
the stand, which is calculated with Gingrich’s (1967)
stocking formula for upland oak stands.

Calibration

Because site and inherent production efficiencies
should be reflected in tree growth rates, a procedure
was developed to calibrate individual tree D’ growth
rates from two measurements of d.b.h. separated by 5
years or more, obviating the need for specific site
information. In the D’ growth equation (7), the
respiration parameter (@) is assumed to be constant
for each species. The photosynthesis parameter (a1) is
calculated for each tree with an iterative procedure.
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First, each tree’s growth is projected from year 0,
the year of the first measurement, until the year of the
remeasurement, using “average tree” parameter
values. Next the ratio of predicted to actual D” growth
(r) is computed, and then a is adjusted using the
predicted D* growth (AD?) from year 0 to year 1 as

9) i =(AD*r+a,D?) D’C

where D is the tree’s d.b.h. in year 0.

The whole process is repeated until the predicted
d.b.h. of each tree is very close to the second observed
value.

Individual tree merchantable volume is not a real
component of the model but is estimated for impact
assessment purposes in terms of cubic feet. Because
tree height is ignored in this version of the model, tree
volume is computed from a function developed by
Meyer and Kienholz (1944) for the generation of local
volume tables for Connecticut. This function requires
only diameter as an independent variable. The
parameters of the function vary among species.

Tree Mortality

The forest growth model has provisions for the
removal of trees. Reductions in the number of trees
can occur in three ways. Thinnings can be simulated
to reduce the number of trees. This not only increases
the growth of the remaining trees (provided they are
not spread too thin to begin with) but also reduces
their chances for natural mortality, which occurs
during simulation if a tree’s stored substrate becomes
totally depleted. The third way tree numbers are
reduced is through a procedure that randomly kills
trees, each with a yearly probability of ki + k2 D,, such
that k, +k D,<<1, where D, is the percent defoliation
of the tree, and ki and k; are small constants. This
random mortality is imposed to account for mortality
caused by secondary pests such as the twolined chest-
nut borer (Agrilus bilineatus) and shoestring fungus
(Armillaria mellea), which attack defoliated oak trees
more frequently than nondefoliated trees (Nichols
1968, Dunbar and Stevens 1975).
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The Gypsy Moth Submodel

The gypsy moth submodel consists of a set of
differential equations and certain ancillary functions
that provide either initial values of the components
(whose changing values are described by the dif-
ferential equations) or values of parameters. It is an
extension of a model reported previously (Valentine et
al. 1977). The differential equations are used to
describe the defoliation process and the resulting
reduction in photosynthate production during the
growing season. Typically, over time a numerically
changing population of larvae consumes expanding
foliage at an increasing rate per larva until all foliage is
consumed, or until all larvae die or pupate. The
growing season is currently measured in days (7).
(However, this will be changed to degree-days.)

The defoliation process is modeled individually for
each species of a plot. A proportion of the gypsy moth
population (assumed hatched from viable eggs
produced the year before) is allocated to each species
at the start of the integration interval (the growing
season). Each species allocation is based on its
proportion of the total basal area of the plot and
relative defoliation ratios (Campbell and Sloan 1977).
This procedure is used in lieu of complex models of
the gypsy moth dispersal process.

Submodel Components
The components of the gypsy moth submodel are:

H(#)=Number of healthy gypsy moth larvae per
hectare.

V(f)=Number of virus-infected gypsy moth
larvae per hectare.

Ci(9)= Accumulative consumption by a single
gypsy moth larva, expressed in kilograms
per hectare.

Cn(?)= Accumulative consumption by the gypsy
moth population, expressed in kilograms
per hectare.

W(?)= Average dry weight of a gypsy moth larva,
expressed in grams.

F(1)=Dry weight of foliage that would exist in the
absence of insect consumption, expressed
in kilograms per hectare.

F*(#)=Dry weight of actual foliage, expressed in
kilograms per hectare.

F.(9)=Dry weight of actual foliage contaminated
with gypsy moth nucleopolyhedrosis virus,
expressed in kilograms per hectare.

Fi(#)= Dry weight of actual foliage contaminated
with insecticide, expressed in kilograms per
hectare.

F>x(7)= Dry weight of second-flush foliage (refolia-
tion), expressed in kilograms per hectare.

Q(9=1Index of foliage nutritional quality, which
takes values between 0 and 1.

P(#)=Photosynthate produced by F(z).

P*(#)=Photosynthate produced by F*(7).

F(=Amount of F(¢) that is senescent and

nonproductive.

The Defoliation Process

Given H(?) and V(¢) for any value of 7, then the
foliage consumption by the moth population and the
growth of unconsumed foliage of the trees are
described by the following set of differential
equations:

(10) dC\/dt=g WF*/(g:2(H+ V)W+ F*) 1<g;
dC/dt=0 =g

(11) dCn/dt=(H+V)dC/dt

(12)  dW/dr=g.dCi/di(Q/gs+ Q) - g W

(13)  dF/dt=g:F&— goF

(14) dF*/dt=(F*/F)dF/dt-dCn/dt+ dF,/ dt

(15) dF/dt=0 F*/F> g
dF;/dt=0 F*/F=gi;t< A
dF:/dt= g F8" - g F

F*F<guo;t> A+ gn
(16) dQ/dt=-gisdF/dt.



Change in accumulative consumption per larva
(10) is proportional to average larval dry weight (g1 W)
modified by F*/[g(H+V)W+ F*]. As defoliation
becomes more complete, this latter expression causes
the consumption per larva to be slowed, as it was
assumed that a larva should have difficulty finding
enough to eat when the demands for food by the
population approach or exceed the food available.
When all food is depleted, consumption ceases—that
is, if F*=0, then dC1/dt=0. When t=gs, all larvae are
assumed to pupate, so consumption ceases. Change in
the accumulative consumption by the population is
described by (11). It is simply the number of larvae per
hectare multiplied by dCi/d:.

The change in dry weight of a larva (12) is
proportional to the amount of food it eats, modified
by a function of nutrition (Q/gs+ Q) less respiration
(gsW). When food is depleted or scarce so that

g:dCi/dt(Q/ g+ Q)< gsW,

the larva will lose weight. If the nutrition of the food
becomes low, assimilation is slowed and could also
result in larval weight loss.

Foliage growth that would be expected in the
absence of gypsy moth consumption is described by
the Bertalanffy growth-rate equation (13). This is
merely a convenient way to describe expected foliage
growth, which does not depend on other components
of the model. Changes in the index of foliage nutrition
quality (16) occur as the foliage grows and, therefore,
reflect the decreasing dry-weight density of many
minerals and amino acids found in expanding tree
foliage. Consequently, small young leaves are con-
sidered more nutritious than large mature leaves.

Growth of actual foliage, partially consumed or
not, is described by (14). If accumulative consumption
(Gv) equals 0, then actual foliage (F*) equals expected
foliage (F). If Cn>0, so that F*<F, then the growth
of F*=dF]/dt, reduced by the factor F*/ F—that is,
the unconsumed fraction of foliage grows at the same
rate that it would if the consumed fraction remained.
While growth is occurring, F* may be reduced by
additional consumption. If foliage growth has
stopped so that dF/dt=0, then dF*/dt equals the
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change in accumulative consumption: -dCv/dt. Re-
foliation (dF3/dt) in gypsy moth infestations usually
occurs after consumption ceases. Refoliation (15) is
assumed to start when = A+ g,,, after F*/ Fdecreases
to a threshold (gi0) at = A4.

Larval Population Changes

Changes in H, V, and F, are described by the
following differential equations when control treat-
ments are not applied (Etter 1977):

(17) dH/dt=-gH- (HF,] F*)(dC\/dt/ ¢ W)
-gvH(1-dC/dt/gi W) t<g
dH/dt=0 1=g
(18) dV/dt=-gisV -gisV+(HF,| F*)
dCi/dtj g W)
—g17V(l—dC1/dt/g1W) 1< gs
avi/de=0 t1=g
(19) dF/dt=gisVW(l - F|F*)-gsF,
- dCn/di(F,| F*) t<g
dF,/dt=-g\F, =g

With the exception of the transition of larvae from
the healthy component in (17) to the virus-infected
component in (18), all changes in H and V result in a
net decrease in the population. Barring net im-
migration of larvae into the plot resulting from their
dispersal process, this is as it should be. Reduction in
larval numbers is due to density-dependent mortality
(-gi6H and -gisV), virus-caused mortality (-gis V),
and starvation [-gwH(1-dC\/dt/ gy W)]. Starvation
is nil if dC1/dt=gi W, and maximal when dC/dt=0.
The density-dependent mortality is assumed to
account for all mortality due to processes other than
virus-caused mortality or starvation.

The transition of larvae from the healthy com-
ponent to the virus-infected component depends on
the density of healthy larvae (H), the ratio of virus
contaminated to total foliage (F/ F*), and the con-
sumption rate per larva (dCi/dt/ g W). Larvae are
assumed to ingest the contaminated foliage, which
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results in disease and eventually death. When
dCi/dt=giW, there are no constraints on food
availability. Consumption is maximal and, therefore,
infection is maximal. When dCi/dt=0, there is no
increase in infected larvae.

Change in the quantity of virus-contaminated foli-
age (19) is due to new contamination by dying larvae,
natural decontamination, and consumption. New
contamination (gis VW(1- F,/ F*)) is proportional to
the dry weight of larvae dying from virus multiplied by
the ratio of uncontaminated to totalfoliage. The rate of
decontamination is assumed proportional to the
amount of contaminated foliage (-giwF) and
consumed foliage is assumed to contain the fractional
amount of contaminated foliage (F/ F*).

If control treatment effects are modeled, the dif-
ferential equations are integrated to the time of treat-
ment: = . From ¢ until the time of pupation, changes
in H, V, and F; are described by:

(17a) dH/dt=-gicH-(HF,| F*+ g0HF| F*)

(dai/dt/ g W)

-gnH(1 -dC/dt/gW).
(18a) dV/dt=-gisV-gisV+(HF.,| F*

- g0 VF/F*)(dC/dt/g¢ W)

-gV(1 -dC/dt/gi W).
(20) dF/dt=-g: F - dCn/ di(Fi| F*).
Equations (17a) and (18a) differ from (17) and (18) by
the additional terms for mortality resulting from con-
sumption of pesticide: (-g:0HFi/ F*) and (-0 VFi/
F*), respectively. Pesticide-induced mortality depends
on the larval population (H + V) and the ratio of
pesticide-contaminated foliage to total foliage
(F1/F*). The quantity of pesticide-contaminated
foliage is assumed to decrease because of chemical
breakdown and cleansing (-g:1 F1) and consumption:
dCy/di(F F*). If a control treatment consists of
virus application, (20) is not needed. Instead, the
quantity of virus-contaminated foliage (F) is
increased, and the orginal equations are used to
describe changes in the system’s components after the
treatment.

Photosynthate Production

The solutions of the differential equations that
describe expected and actual photosynthate produc-
tion and foliage senescence are used to compute the
ratio: P*(1)/ P(,), where 1, is the end of the growing
season. Because only a ratio is needed to adjust tree
growth, which is the primary purpose of the gypsy
moth submodel, scaling parameters have been
omitted in the equations describing changes in P and
P*. Thus

(21) dF/dt=0 1< g
dF,/dt=gnF(1- F/F) 1> g
(22) dP/dt=F- F,

(23) dP*/dit=(C+1)(F*/F)/(C+ F*/F)dP/dt

where C=the constraint of stocking on photosynthate
production, which is computed with (8).

If defoliation is nil, so that F*=F, then expected
and actual photosynthate productions are equal—
that is, dP*/dt=dP/d:. If all foliage is consumed, so
that F*=0, then photosynthate production is nil
(dP*/dt=0). Partial defoliation is assumed to cause
an increase in the production efficiency of residual
foliage, which would normally be in the lower crowns
of trees, as light coming to that foliage should
increase. When foliage becomes senescent, so that
F.= F, photosynthate production ceases.

After the differential equations are solved nu-
merically, the ratio P*(%,)/ P(,) for each species is
multiplied by the photosynthesis expression of the
diameter-squared growth rate equation when it is
used to increment D’ of the trees of that species. Thus,
when gypsy moth influence is modeled, (7) becomes:

(24) AD’=a CD'*(P*/P)-a;D* -nD’.

Of course, nD” (stored substrate used in refoliation)=
0, if /2=0.

The gypsy moth submodel can stand alone. One
only needs to assign values to the differential



equations at time =0 and to indicate how much
foliage should exist per hectare after it matures to
make the model work.

Solutions of some of the differential equations with
and without control treatments imposed were ob-
tained numerically. In all cases, the initial populations
were 1,200000 healthy larvae and 12,000 virus-
infected larvae. It was indicated that the dry weight of
foliage should reach 2,000 kg per hectare if and when
it matured. These solutions are graphed in figures
3-12 through 3-16.

Sensitivity Analysis

This kind of analysis is used to determine how the
solutions of sets of equations are affected when the
parameter values and the initial conditions are altered
one at a time. The solutions are said to be most
sensitive to the parameters and initial conditions
whose changed values produce the largest changes in
the solutions. Accordingly, these are the ones that
should be measured or estimated most precisely.
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Figure 3-12.—Solutions of (11), (13), and (14), or
Cx(t), F(t), and FX(1), with no control treatment im-
posed. The consumption by larvae was sufficient to
cause refoliation, which is why FX(t), actual foliage
per hectare, increases after accumulative consumption
of the larval population [Cx(1)] ceases to increase. F(t)
is the amount of foliage that would exist in the
absence of gypsy moth.
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Figure 3-13.—Solutions of (22) and (23), or P(t) and
P*(t), which are expected and actual accumulative
photosynthate production, respectively. Gypsy moth
foliage consumption shown in figure 3-12 caused a
reduction in the photosynthate production of about
30 percent.
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Figure 3-14 —Solutions of (11), (13), and (14), with a
virus control treatment imposed on day 30. The
treatment slowed consumption enough to preclude
refoliation. The same initial larval population was
used in this example as in the example shown in
figure 3-12.
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Forest Growth Model

The sensitivity of the forest growth model and the
gypsy moth submodel were examined separately.
Data were obtained from oak forest stands so that the
sensitivity and accuracy of equations (7) and (8) of the
forest growth model could be demonstrated
simultaneously. The parameter a;, the exponent of
(7), and all the parameters of (8) were varied one at a
time in separate runs 5 percent above and below fixed
values that, for this analysis, did not vary among
species. Two d.b.h. measurements, taken 8 years
apart, were used to estimate the parametera; of (7) for
each tree after the other parameters were varied. Trees
were removed in the year corresponding to when they
actually died or where cut as indicated by the data, so
that the provisions for random tree mortality would
not unduly influence the results. The basal areas of all
trees on 20 0.1-ha plots were projected with the model
for a period of 16 years. The plot basal area was
computed as the sum of the basal areas of all the
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Figure 3-15.—Solutions of (17) and (18), or H(t), the
healthy larval population, and V(t), the virus-infected
population. After a virus control treatment was im-
posed on day 30, there was a rapid transition of lar-
vae from the healthy to the virus-infected condition
and soon afterwards an overall increase in mortality
rate.

individual trees. The actual and predicted plot basal
areas in year 16 are arranged in table 3-2.

The sensitivity of the basal area projections to
changes in the parameters varied from plot to plot.
Certain parameter changes affe.ted the basal area
projections of plots with high stocking but not those
with low stocking. For other parameters, the converse
was true. The three parameters that most affected the
average basal area projection of all 20 plots were the
exponent of (7) and b and bs of (8) (table 3-2).

The projection that came closest to the actual basal
area occurred when bs of (8) was increased by 5
percent. This projection also had the smallest
standard error, which means that, on average, the
individual plot basal area projections came closest to
the actual values after 16 years. When bs was
decreased by 5 percent, the resulting standard errcr
was the largest of all the projections. This parameter
causes tree growth to become slowed when a stand
becomes very dense. When its value is increased, the
predicted growth of the individual trees will also
increase in dense stands.
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Figure 3-16.—Solutions of (I1), (13), and (14) with a
chemical control treatment imposed on day 30. The
resulting defoliation level, 1- FX(t)/ F(t), was about
0.25. The same initial larval population was used in
this example as in the examples shown in figures 3-12
and 3-14.
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Table 3-2.— Projections of the basal area of 20 plots

Predicted basal area BA (16)!

Actual Fixed
Plot BA(0)? BA(16)3 parameters 0.95(4/3) 1.05(4/3) 0.95b; 1.05b; 0.95bs 1.05bs

1 78.8 111.8 100.8 100.2 101.3 100.8 100.7 99.1 1028
2 69.2 98.0 97.8 96.6 99.0 98.0 97.6 96.3 98.9

3 59.1 79.0 823 81.1 834 830 814 820 825
4 46.7 759 703 69.5 712 728 68.1 70.3 704

5 839 104 4 104.3 103.7 104 8 104.3 1042 103.1 105.5
6 71.7 99.6 97.3 96.6 979 97.3 97.2 96.0 98.6

7 88.6 934 97.5 96.8 98 .4 97.8 97.2 96.6 98.2

8 57.8 64.7 639 63.2 64.8 64.8 63.2 639 64.0

9 56.1 833 84.1 82.6 85.7 864 81.7 83.8 842
10 829 106.8 97.5 97.1 98.0 97.5 975 95.0 99.3
11 834 120.3 1158 1154 116.3 1159 115.8 112.6 1194
12 66.4 842 87.6 86.8 88.4 87.8 873 87.2 879
13 60.2 80.4 82.1 81.0 834 83.2 80.7 81.8 823
14 46.6 523 46.7 46.1 473 46.6 46.6 46.7 46.7
15 85.6 120.0 1109 110.2 111.6 1109 1109 107.8 1146
16 84.6 113.2 118.0 1174 119.7 118.1 118.0 1155 1208
17 724 105.4 110.0 109.1 1109 110.2 119.8 107.3 1122
18 59.5 97.8 101.3 100.2 102.5 102.6 99.7 100.3 102.0
19 51.8 912 92.8 91.5 94.0 96.3 894 924 93.0
20 89.2 105.5 100.0 99.4 100.5 100.0 100.0 98.6 1019
Mean 69.0 94 4 93.0 92.2 94.0 93.7 924 91.8 943

Standard error 5.06 5.20 5.15 5.24 5.13 585 4.60

Predicted basal areas are arranged according to which parameter
value was varied and by how much.

2BA(0) is the initial basal area in year (0).

3BA(16) is the actual basal area in year (16).

4(4/3) is the exponent of equation (7), and b: and bs are parameters
of equation (8).0.95(4/3) means, for example, that this exponent was
reduced 5 percent before the projections were made.

An increase in the exponent of (7) decreased the
difference between the actual and projected average
plot basal areas after 16 years, but the standard error
was increased. An increase in b, of (8) also decreased
the difference between the actual and projected
average plot basal areas, but at the expense of an
increased standard error. An increase in the exponent
of (7) increased the projected basal areas of all the
plots, but the increase in b, only increased the
projected basal areas of the plots with low stocking.

Gypsy Moth Submodel

The primary purpose of the gypsy moth submodel
is to estimate the ratio P*/P for each tree species.
Therefore, the sensitivity of this ratio to changes in the

parameter values and in the initial values of the
differential equations was examined. The differential
equations were solved numerically (by the Runge-
Kutta method) after a parameter or initial value was
varied either 5 percent above or below its estimated or
assigned value. A complete set of solutions was
obtained when all the parameters and initial values
had been varied both upward and downward.

Ten complete sets of solutions were obtained. For
each set, a different initial population of gypsy moths
was used, but the same maximum amount of foliage
(2,000 kg per hectare) was used in each case. The
parameter values of (13), which describes expected
foliage growth, were estimated from red oak leaf
growth data. For the 10 sets of solutions, the initial
healthy gypsy moth populations ranged from 200,000
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to 2,000,000 larvae per hectare in constant increments
of 200,000. The initial virus-infected gypsy moth
populations equalled 1 percent of the initial healthy
population in each case.

The ratio P*/ P was found to be most sensitive to
changes in the 10 parameters and two initial values
listed in table 3-3. The parameters that regulate larval
consumption and growth and foliage growth were
found to produce the greatest changes in P*/P. In
some cases altered parameter values produced
irregular results. For example, decreases in g1 and gs,
given certain initial gypsy moth populations,
produced positive changes in P*/P. But at other
initial populations, identical decreases in g1 and g
produced negative changes in P*/ P.

The irregularities of the responses of P*/ P to some
parameter changes were due to refoliation. Refoli-
ation occurs only if defoliation exceeds the threshold

gio. An initial population of about 1,000,000 larvae
per ha was sufficient to cause refoliation when none of
the parameters or initial values was varied from
estimated or assigned values. However, when g1 and
&, for example, were varied upward and the initial
larval population was about 800,000 (600,000 in the
case of g4), consumption increased enough to cause
refoliation, which in turn increased P*. When these
parameters were varied downward and the initial
larval population was either about 1,000,000 or
1,200,000, consumption was decreased enough to
preclude refoliation.

In a separate analysis, the sensitivity of P*/P to
changes in g and g, when insecticide treatments
were applied to the foliage 20, 25, or 30 days after egg
hatch, was examined. The parameter gy is the
intrinsic mortality rate per larva that has consumed
foliage contaminated with insecticide. The parameter

Table 3-3.— Changes in the ratio P*| P resulting from 5-percent increases (+) and 5-percent de-
creases () in the parameters and initial values of the gypsy moth submodel, arranged according

to the initial healthy larval population

Parameter or

Initial healthy gypsy moth population X10~ s

initial value 2 4 6 8 10 12 14 16 18 20
g + -0.05 -0.10 0.00 0.03 -0.08 -0.07 -0.05 -0.04 -0.03 -0.03
- 03 06 10 13 00 -.02 08 08 07 06
g4 + -.04 -.09 00 04 -07 -.06 -05 -03 -.03 -.02
- 03 06 09 11 -.02 -.04 07 07 06 05
g6 + .00 02 02 03 02 02 02 01 01 01
- -.01 -.02 -03 .10 -.02 -.02 -02 -02 -01 -01
g7 + 02 03 05 07 -07 05 04 04 03 03
- -.02 -.04 -.07 07 -.04 -.04 -.04 -.02 -.02 -02
gs + .06 A2 18 25 15 .16 .16 15 14 A2
- -.15 -13 -.11 -05 -.13 -.09 -.07 -05 -.04 -.03
g5 + -.02 -.04 -06 08 -.04 -.03 -.03 -.02 -.02 -.01
- 02 03 05 06 -08 04 04 03 03 02
g2 + 00 00 .00 00 02 03 03 04 04 04
- .00 00 00 .00 -.02 -.03 -.03 -.04 -04 -.04
g3 + 00 00 00 .00 A5 18 20 21 23 24
- .00 00 00 00 -.08 -.10 -12 -13 -.15 -.16
g4 + .00 00 00 00 -02 -02 -.03 -03 -.03 -.04
- .00 .00 00 00 02 03 03 03 04 04
gie + .00 01 01 02 01 01 00 01 00 00
- 00 -01 -.01 -.02 -01 -01 -.01 00 -01 -01
H(©0) + .00 -01 -.01 -.02 -01 -.01 -.01 00 -01 -01
- .00 01 01 02 01 01 01 01 01 00
¥(0) + .00 -01 -.01 -.02 -01 -.01 -01 .00 -01 -01
- .00 01 01 02 01 01 01 01 00 00




£ controls the rate that contaminated foliage be-
comes decontaminated. Variation in gx and g1, 5 per-
cent above and below nominal rates, does not cause
significant change in P*/P. The defoliation levels,
however, did vary as the day of insecticide treatment
changed (table 3-4). The difference in defoliation
among treatment days increased as the initial
population increased.

Discussion

In this model, tree volume growth (A V) is assumed
to be proportional to the production of photosynthate
(P) less the uses of that photosynthate for other
purposes (R). Although numerous other expressions
describing P and R could be developed, the basic
notion that AV'= P- R holds for all living trees. Thus,
this model provides a biologically based framework
for the examination of the impact of many processes
that affect P and R and, consequently, tree growth. As
other insects that affect tree photosynthate produc-
tion and the utilization of photosynthate become
economically important, the determination of the im-
pact of these insects should not require a whole new
forest growth model, but rather a modification of the
insect submodel, which in many cases should be

Table 3-4.— Percentage defoliation predicted by the gypsy
moth submodel arranged according to the initial larval popu-
lation and the number of days from hatch to the pesticide
treatment

Percent predicted defoliation,
by pesticide treatment day

Initial larval No
populationX10™*/ ha treatment 20 25 30
2 245 53 54 59
4 430 8.5 8.8 9.6
6 579 11.6 12.1 13.3
8 69.5 14.7 153 17.0
10 78.3 17.7 18.5 20.5
12 85.0 20.6 21.6 239
14 899 235 246 273
16 934 26.3 275 30.6
18 95.9 29.1 304 337
20 97.8 31.7 332 36.8
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limited to changes in the magnitudes of parameter
values.

Besides being useful for impact assessment, a model
of this kind is useful in identifying areas where
research should be intensified or started, especially in
programs such as the one described in this com-
pendium. First, the model is developed, and then the
sensitivity analysis is done to identify the processes
and research areas that are most important. The sensi-
tivity analysis of this model suggested that larval
growth and consumption rate and phenology and
growth rate of foliage are needed areas of research.
These areas are still under investigation.

Summary
Robert L. Talerico

Ability to monitor and assess the gypsy moth host
system and understand the overall effects of the dam-
age it causes has greatly increased in the past few
years. Detection efforts for the gypsy moth are be-
coming more sophisticated with the use of
pheromones to attract adult males or canines to locate
egg masses; quantification and mapping of gypsy
moth defoliation with satellite imagery and advanced
photometric methods appear operationally and eco-
nomically feasible; and egg-mass surveys continue to
be the backbone of all detection and evaluation
methods, although many egg masses continue to be
overlooked. The fixed-variable plot (FVP) method
for observing egg masses has many operational and
statistical advantages over the older more subjective
methods for observing egg masses. A rapid reconnais-
sance method that uses a series of S-minute walks to
categorize the egg-mass density onanarea is useful for
screening many areas for more intensive examination
with the FVP method or to locate potential areas for
experimental or operational treatments. However,
suitable operational methods to quantify many of the
ecological, economic, and sociological impacts are
still lacking.

The evaluation and decisionmaking process for
deciding what courses of action to follow when a man-
ager is confronted with a gypsy moth problem still
falls into the realm of an art rather than a science,
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although, progress is being made in understanding the
many interactions that occur. Mathematical models
and computer simulation methods have been demon-
strated as aids in the decisionmaking process and per-
mit the manager to view the consequences of several
actions before the fact. The decision tree technique
permits the manager to list the possible alternatives
and select the one method that will cost the least to
implement.

Detection and evaluation methods are continually
evolving through use and the development of new
technology. Continued interaction between research
and development technology will provide the
manager with the tools for detecting and evaluating
alternative strategy to cope with the gypsy moth.
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Population Dynamics

Introduction
Robert W. Campbell

Defining Population Dynamics

Most definitions of the term “population dynam-
ics” include both the idea of changes in population
density and the causes of these changes (Campbell
1967b, Clark et al. 1967, Huffaker and Messenger
1964, Krebs 1972, Nicholson 1954). Some investiga-
tors have also included population quality as an
integral part of population dynamics (Waters 1969,
Wellington 1957). In this publication, the scope of
population dynamics includes evolving interactions
that tend to modify numerical changes within the
gypsy moth life system, and the literature on gypsy
moth populations has been summarized around the
idea that “population dynamics is the science which
explains how and why the abundance of living things
fluctuates” (Stark 1977). In addition, information is
presented which transcends the classical scope of
population dynamics. Dispersal, diapause, egg and
larval development and meteorological influences
were considered sufficiently important to a more
thorough understanding of gypsy moth population
dynamics to warrant their inclusion.

World Literature

Gypsy moth activities are of considerable economic
importance in Europe, Asia, Africa, and North
America. For this reason, major regional research
efforts have been directed against the pest for many
years and have resulted in a massive collection of
literature on many aspects of the overall pest/ host/
socioeconomic control system. Because such efforts
have never been coordinated, the literature base is
scattered and fragmented.

Many of the publications listed at the end of this
chapter are in an annotated bibliography on gypsy
moth population dynamics (Campbell et al. 1978).
This bibliography of 592 titles and 450 annotations
probably includes most of what was known about the
population dynamics of this insect through about
1974; a smaller proportion of the more recent
literature is included.

4

Investigations involving a truly broad range of
specific gypsy moth related, population-level topics
have been reported in the world literature. For
example, the 450 annotated papers in Campbell et al.
(1978) were categorized as dealing with 125
population-level subjects. Of these, 94 categories were
related directly to the insect, while 31 were more
closely related to defoliation and its effects.

A recent note (Schaeffer 1978) reemphasizes major
differences between gypsy moth strains. Conclusions
about this life system drawn from the world literature
must be made with caution.

Historical Review
Robert W. Campbell

This review is based on two concepts. First,
numerical patterns of the population system provide a
framework for describing the forces, events, and
processes involved in determining these patterns.
Then, the forces, events, and processes that are
described explain the numerical patterns that have
been observed.

Overall Numerical Behavior

Campbell (1975) concluded that a gypsy moth
population system (or metapopulation, in the sense of
Wilson (1975)) is capable of numerically bimodal
behavior in North America (fig. 4-1). This system has
four distinct features—two relatively stable modes
(outbreak and innocuous) and two transient phases
(release and decline).

First, the system can remain sparse indefinitely (fig.
4-1, innocuous mode), although processes that result
in low-density stability have the least effect along the
advancing front of the generally infested area. In-
nocuous populations in North America normally ap-
pear to range between 2 and 25,000 fourth-instar
larvae per hectare. A second set of processes occasion-
ally enables a sparse population to expand to the
outbreak mode (fig. 4-1, release phase).

Once an areawide outbreak is underway, processes
can sometimes maintain it for up to a decade (fig.4-1,
outbreak mode). Average outbreak densities in North
America normally appear to range from 250,000 to
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2,500,000 fourth-instar larvae per hectare. Individual
subpopulations in areawide outbreaks range from 250
to 12,500,000 fourth-instar larvae per hectare.

Finally, there are processes that result in areawide
outbreak collapse (fig. 4-1, decline phase).

In contrast to bimodal behavior, the numerical
behavior of European gypsy moth populations has
often been described as “cyclic,” especially in
southeastern Europe. Such populations tend to
increase from innocuous to outbreak levels every 7 to
9 years (Dobrivojevié 1963, Hadzistevié and
Hadzihalilovié 1959, Maksimovi¢ and Polite4 1970,
Maksimovié et al. 1970, Vasiljevié and Injac 1973).
Outbreaks follow a rather regular pattern, and persist
for about 3 years (Chugunin 1959, Georgijevi¢ and
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Vaclav 1958). Major phases within these cycles have
been described as latency, progradation, culmination,
and retrogradation (Vasiljevi€ and Injac 1973).
Roughly equivalent terms are innocuous, increase,
outbreak (including year of collapse), and postout-
break.

Intergeneration Changes

The largest body of data ever collected on natural
gypsy moth populations in North America was
accumulated between 1911-31 by personnel of the
now-defunct Melrose Highlands Gypsy Moth
Laboratory. The Melrose workers established 264
circular 0.18-acre plots in 1911 and 1912 “. .. in dif-
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Figure 4-1.— Numerical bimodality in a hypothetical
North American gypsy moth population (Campbell
and Sloan 1978b).



ferent sections [of eastern New England] where the
soil, weather conditions and food plants vary....”
(Guild 1929). These plots extended from southern
Massachusetts to southern Maine, and inland from
the Atlantic coastline to east-central Massachusetts.

Forty-nine of the plots established in 1911 were
maintained through 1931. Records from these plots
are shown in figure 4-2. These populations remained
high from 1911 through 1921, receded to sparse levels
between 1921 and 1922, and then tended to remain
sparse from 1922 until 1931.

100,000 —

10,000 —

Mean number of egg masses per acre
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Egg densities in nine subpopulations studied near
Glenville, N.Y., between 1958 and 1963 show three
major phenomena (fig. 4-3): (1) They exhibited rapid,
frequently uncoordinated numerical changes from
one year to the next; (2) like the Melrose populations
between 1911-22, overall density remained high from
1958 through 1963; and (3) each year, a wide range in
density was represented among the nine subpopula-
tions.

Sparse subpopulations usually increased at least
tenfold from year to year during the Glenville

—— (1) Western New Hampshire
------- (2) Western Massachusetts

= - — (3) Mean of all populations
-------------- (4) Eastern New Hampshire

— —— (5) Northern Massachusetts

(6) Southern Massachusetts

1910 1915

Figure 4-2.—Gypsy moth population trends observed
across 21 generations in eastern New England, 1910-
31 (adapted from Campbell 1967b).

1920 1925 1930
Year
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outbreak and almost always reached outbreak
densities within two or three generations. Density -
dependent processes usually caused abrupt collapses
within a year or two (fig. 4-3). Similar patterns were
found among five sets of widely separated
subpopulations (the intensive plot system, or IPS
populations) during the early 1970’s (Campbell and
Sloan 197854). In one extreme case, some gypsy moth
related defoliation occurred for 20 consecutive years
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(1925-44) in the town of Brewster (Cape Cod), Mass.
(from data in Bess et al. 1947).

Little has been written about the role of variation in
density on the dynamics of the individual subpopula-
tions, but Campbell (1973) concluded that individual
Melrose Highlands subpopulations may frequently
have been influenced more by conditions in neigh-
boring subpopulations than by onsite conditions.
Some European authors have also referred to a

1958 1959 1960

Figure 4-3.—Number of eggs per 0.4 ha each
autumn, 1958-63, in nine sites near Glenville, N.Y.
(Campbell and Sloan 1978b).
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mixture of gypsy moth densities and trends among
subpopulations in the same area (Dobrivojevi¢ 1963,
Szalay-Marzs6 1957).

Many extended gypsy moth outbreaks have been
reported from locations in Europe, Asia, and North
Africa. Chronic outbreak conditions have been im-
plied for gypsy moth populations on cork oak, Quer-
cus suber L., in Portugal, Spain, and M orocco (Baeta
Neves 1947, de Lépiney 1930, Romanyk 1965). Kere-
midchiev (1972) described extended outbreaks in Bul-
garia, and both Khanislamov et al. (1958) and R yvkin
(1957) noted that gypsy moth outbreaks can be
prolonged in the U.S.S.R. Studies by Rao (1972) on
the Indian gypsy moth, Lymantria obfuscata W alker,
suggest that populations of the insect remained at
outbreak levels in southern India for at least 5 years.

In contrast, the gypsy moth population remained
sparse in an area in northeastern Connecticut and the
adjacent portions of Massachusetts (Eastford) be-
tween 1965-71. During these years, a subpopulation
was reduced soon after it reached a substantially
higher density than the average (table 4-1). A similar
numerical pattern was found among the IPS popula-
tions during the year each of these latter populations
collapsed (Campbell and Sloan 19785).

Except for the classic work by H. A. Bess (1961,
Bess et al. 1947) and the study of sparse Eastford
populations by Campbell, detailed study of sparse,
stable gypsy moth populations has been neglected by
North American workers. Several foreign investiga-
tors, however, have reported studies on sparse, nu-
merically stable populations (Furuta 1976, Semevsky
1973).

Apparently, noncyclic numerical behavior is com-
mon among gypsy moth populations in many loca-
tions around the world.

Intrageneration Changes

Trend in egg density from one generation to the
next [(n) to (n+1)] is shown as a function of egg den-
sity at the start of generation (»n) for both the Glenville
and Eastford subpopulations in figure 4-4. Some
density dependence existed; trends within each area
were closely associated with density. Representative
life tables for each area are presented in tables 4-2
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Table 4-1.Gypsy moth egg masses per acre (Eastford data),
1965-68

Year egg masses deposited

Site 1965 1966 1967 1968
3 2 3 4 -
6 1 1 18 —
7 1 2 9 —
8 1 2 0 —

11 3 5 4 —
5 9 4 14 —
9 1 2 0 —

10 0 3 15 —
2 6 10 8 0
4 5 5 8 1

12 5 0 1 0
1 — 39 50 3
5 = — 1250 6
9 — — 1250 3

10 — — 1250 2
4A — — %63 5
9A — — 33 1

1250 egg masses were placed in this site in winter 1967-68.

’Small mammals were continuously trapped and removed from
this site in summer 1967.

Source: Campbell and Sloan 19785.

through 4-4. The populations represented by these
tables exhibited both similarities and differences in fe-
cundity, major mortality factors, age interval survival
rates, adult sex ratios, and generation trends. Proc-
esses involved in all these phenomena are described
throughout the next section.

Annual rates of increase similar to the sometimes
spectacular rates shown in figure 4-4 for sparse
Glenville subpopulations have been reported for
European populations. Populations in Yugoslavia
increased about fortyfold just before they erupted,
then they increased about 270-fold “. . . between the
preeruptional and the eruptional year....” (Vasié
1958).

Differences in generation trends between Glenville
and Eastford can be seen from figure 4-4. Starting
from common densities, generation trends in Glen-
ville were much higher than those in Eastford.

Specifically, the contribution of each major age
interval survival rate to generation differences
between sparse subpopulations in the two areas is
shown in figure 4-5. The following is a summary of
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what this figure represents. Survival rates among first-
through third-instars, fourth- through sixth-instars,
and pupae were all higher in Glenville than in East-
ford. As density changed, survival differences between
the two areas also changed. As density increased, dif-
ferences in first- through third-instar survival
decreased, while differences in fourth- through sixth-
instar survival increased. Differences in pupal survival
were relatively constant across the common density
range.

Another, major difference—the consistently higher
proportion of females among adults in Glenville—
arose from unequal mortality rates between the
subadult male and female insects, which differed
among the populations in the two areas. Processes
involved in differential mortality of the sexes, vari-
ation in generation survival, and differences in survi-
val among areas are described in the following section.

102 —
103 —
® Glenville
. [ ]
104 O Eastford

0 I B R R
10! 102 103 104 105 106 107
Egg density per acre at the start of generation (1), NE,

Trend in egg density from generation (n) to (n + 1), I=NE(4+1)/NEp
?
I

Figure 4-4. — Relationship between trend in egg
density (1) and egg density at the siart of the
generation (NE,,) (Glenville and Eastford data, 1958-
64 and 1965-68) (Campbell and Sloan 1978b).

Table 4-2.— Life rable typical of dense gypsy moth subpopula-
tion in an areawide outbreak (Glenville data)

Number Factor Number  dx as
Age alive at responsible  dying percent
interval beginning for dx during x  of Ix
x) of x (1x) (dxf) (dx) (100gx)
Eggs 1250 Parasites 50.0 20
Other 37.5 15
Total 87.5 35
Instars 1-3 162.5  Dispersion, etc. 113.8 70
Instars 4-6 48.7  Parasites 24 5
Disease 29.2 60
Other 12.2 25
Total 438 90
Prepupae 49  Desiccation, etc. 0.5 10
Pupae 44  Parasites 1.1 25
Disease 0.7 15
Calosoma larvae 0.9 20
Other 04 10
Total 3.1 70
Adults 1.3 Sex (SR=30:70) 0.9 70
Adult females 04 — — —
Generation - — 249.6 99.84
'Number of eggs in an average egg mass.
Source: Campbell 1969.
Processes
An important age-interval survival rate in

determining generation survival during one mode
may play a minor role during another. Similarly,
major processes affecting innocuous and outbreak
populations differ so thoroughly that the two overall
modes may almost appear to be drawn from different
life systems. For example, vertebrate predation is
important among sparse populations and minor
among dense ones, while the converse is true of
disease.

For the above reason, the categorization of
processes in this review into either life stages or types
of processes (mortality-causing agents, food, weather,
etc.) seemed both cumbersome and potentially
confusing. This section describes instead the major



processes that operate during each mode or phase
(innocuous mode, release phase, outbreak mode,
decline phase) and concludes with a review of what
appears to be an evolving interaction between the
insect and its host food plants.

Innocuous Mode

According to Forbush and Fernald(1896),“No one
except Trouvelot is known to have observed [the
gypsy moth] during any portion of the [the first 10
years] ...” following its introduction into North
America. The insect must have remained fairly
innocuous during its first decade on this continent.

100
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Nevertheless, some continue to believe that “popula-
tions of natural predators and parasitoids were absent
from our forests, and gypsy moths reproduced un-
hindered” (Simser 1977).

Most gypsy moth populations, like those of other
forest defoliators, are usually maintained at innocu-
ous levels once the original outbreak, which often
follows shortly after invasion, has subsided. Out-
breaks continue to occur, but they are usually less
spectacular and damaging than the original ones.

Although Forbush and Fernald (1896) stressed the
importance of avian predators in gypsy moth
population dynamics, they and subsequent investiga-

Differences among Sg, Ss, Si, Sp, P 9 A and F in
Glenville and Eastford, and generation differences
S

0 ek b D L L T ——

A log SE

1025 103

104 1045

Egg density per acre at the start of generation (n), NEy

Figure 4-5.— Differences between Glenville and
Eastford in the sum of gypsy moth survival rates, as
related to egg density at the start of the generation
(Campbell 1976). Si:=survival rate of eggs, Ss=instars
1-3; Sy =instars 4-6; S, = pupae; P9, =proportion
Sfemales among adults. F= fecundity.
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Table 4-3.— Life table typical of sparse gypsy moth subpopula-
tion in an areawide outbreak (Glenville data)

Number Factor Number dxas
Age alive at responsible  dying percent
interval beginning for dx during x  of Ix
) of x (1x) (dy/) (dx) (100g)
Eggs 1450 Parasites 67.5 15
Other 67.5 15
Total 135.0 30
Instars 1-3 315 Dispersion, etc. 157.5 50
Instars 4-6 157.5  Parasites 79 5
Discase 7.9 5
Other 118.1 s
Total 133.9 85
Prepupae 23.6  Desiccation, etc. 0.7 3
Pupae 229  Vertebrate pred-
ators 4.6 20
Other 2.3 10
Total 6.9 30
Adults 16.0  Sex (SR =65:35) 5.6 35
Adult females 104 — —- -
Generation —_ - 439.6 97.69

'Number of eggs in an average egg mass.
Source: Campbell 1969.

tors also thought that the absence of effective insect
parasites and predators in North America was a

major factor favoring outbreaks (Burgess and Cross-
man 1929, Howard and Fiske 1911, Nichols 1973).

Food Quality

Various oaks, Quercus spp., are favored by gypsy
moth larvae, and silvicultural recommendations were
based on the premise that both gypsy moth densities
and defoliation are determined by the proportion of
favored food trees in the stand (Baker and Cline 1936,
Behre 1939, Behre and Reineke 1943, Behre et al.
1936). Barbosa and Capinera (1977) and Hough and
Pimentel (1978) found that gypsy moth development
and fecundity were higher among insects on a diet of
oak foliage than among those on a maple foliage diet.

North American studies of sparse, stable gypsy

moth populations have been concentrated in the
largely oak forests of northeastern Connecticut and
adjacent Massachusetts. Although these forests can
support a massive outbreak (Anderson and Gould
1974), populations there have generally remained
sparse for more than 50 years. Several writers have
commented on this stable population, usually noting
that the processes involved were poorly understood
(Behre et al. 1936, Brown and Sheals 1944, Friend
1945, Turner 1963).

Following studies in the above area, Bess et al.
(1947) disputed both the favored food theory and, by
implication at least, the notion that the absence of
effective insect parasites and predators is an important

All insects

6K

Insects in

Insects im BF

Number of insects found in this stratum

Insects in LIT

0

Percent beyond fourth instar (X)
l | I
0 50 100

Percent beyond
sixth instar (X3)

Figure 4-6.— Insects found within various environ-
mental strata as a function of insect stage ( Eastford
data) (Campbell et al. 1975a). BF=bark flaps;
LIT=litter; OON= other locations on oak;
OTH=other.




Table 4-4.— Life table typical of sparse gypsy moth subpopu-
lation when areawide population is innocuous (Eastford data)

Number Factor Number  dx as
Age alive at responsible  dying percent
interval beginning for dx during x  of 1x
(x) of x (1x) (dxf") (dx) (100gx)
Eggs 1450 Parasites 67.5 15
Other 67.5 15
Total 135.0 30
Instars 1-3 315 Dispersion, etc. 72.5 23
Instars 4-6 242.5  Deer mice 12.1 5
Parasites and
disease 12.1 5
Other 203.7 84
Total 2279 94
Prepupae 14.6  Predators, etc. 29 20
Pupae 11.7  Vertebrate pred-
ators 8.2 70
Other 2.1 18
Total 10.3 88
Adults 1.4 Sex (SR=30:70) 1.0 70
Adult females 04 — - —
Generation — - 449.6 99.93

'Number of eggs in an average egg mass.
Source: Campbell 1969.

factor favoring outbreaks in North America. They
noted that “the history of this insect in the oak forest
of Connecticut and western Massachusetts shows that
food supply does not normally limit the abundance of
the moth in these areas.” They felt that “...large
larvae survived in much greater numbers where they
molted and rested above the forest floor, rather than
in the litter . . .,” and, emphasized the importance of
insectivorous small mammals in habitats where the
insects spend the day in the litter. Many species of
North American small mammals will readily eat
gypsy moth larvae or pupae, or both (Smith and
Campbell 1978).

Recent results only partially support the favored
food theory. Contrary to theory, there was little
difference in the Melrose Highlands plots between the
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Table 4-5.— Egg masses found in the fall of 1971 in treated 0.4-
ha plots where 100 egg masses had been placed in each plot in
the spring of 1971 (Eastford data)

Mammals'
removed
Mammals  Birds and birds
Forest removed excluded  excluded Cortrol
Brimfield 1 124 7 357 14
Brimfield 2 187 28 71 ol
Nipmuck | 215 10 186 35
Nipmuck 2 44 0 129 21
Harold Parker 8 0 23 3
Willowdale | 4 7 0
Mean 96.5+237.7 8.2t4.3 128.8+53.1 14.6+6.3

'Unfortunately, this control plot was situated in an area that had re-
cently been burned over. Too late it was found that this burn had re-
sulted in the decline or death of many trees. These trees had produced
many bark-flaps, which provided secure resting locations for many
insects. This check plot was therefore not included in calculating
average survival in control plots.

2Standard error.

Source: Campbell and Sloan 19775.

stable state distribution of egg-mass densities in
favored food stands and in poor food stands
(Campbell 1974a). However, the percentage of
favored food in the overstory was clearly related to
subsequent defoliation (Campbell 19745).

The Eastford Study

From 1965 through 1971, a new study was
conducted on gypsy moth population dynamics near
Eastford, the same approximate area studied earlier
by Bess.

When population density was low, a low dispersal
rate was apparent among newly hatched larvae, and
most established larvae were found near egg masses.
Until the insects molted into the third instar, most of
them remained on or near the foliage.

Sometime before they reached the fourth instar, the
insects began to rest during daylight hours in locations
other than the foliage. At first, most of them rested on
tree boles, but they eventually found resting locations
protected from both precipitation and direct light.
These locations were usually under bark flaps, if
available; otherwise most of the insects rested and
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pupated in the litter (fig. 4-6). Campbell and Sloan
(1976) postulated that this behavior evolved in
response to high mortality from natural enemies in the
trees.

Survival during instars 4-6 in Eastford was closely
related to larval density (fig. 4-7). Average survival
was reduced from about 22 percent where 250 larvae
per hectare had hatched, to about 2 percent where
100,000 had hatched. At all densities, larvae that
rested during the day in bark flaps were more likely to
survive than those that rested in the litter (fig. 4-8).

Although about 90 percent of the late-instar larvae
died in Eastford, few were killed by parasites or
disease; average mortality from these sources was
only 7.5 percent. It was concluded that most were
eaten by density-dependent predators that forage in
the litter. The results suggested that birds might be
important (Campbell et al. 1977).

By the time the insects in Eastford pupated, about
90 percent were either beneath bark flaps or in the
litter. Male larvae were more likely than females to
pupate under bark flaps; pupal survival was higher
under bark flaps (Campbell et al. 19755).

Vertebrate predators killed about 70 percent of the
Eastford pupae; white-footed mice, Peromyscus leu-
copus Raf., were the most important predators.

2
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Figure 4-7.— Relationship between number of newly
hatched larvae per 04 ha (N,) and subsequent survival
rate during the fourth through sixth instars. (S)
(Eastford data from 196568) (Campbell et al. 1977).

Pupae in the litter were more likely to be preyed upon
than those in other locations; female pupae were more
likely than males to be killed (Campbell and Sloan
1976).

By 1971, the hypothesis had been developed that
numerical stability among the sparse Eastford
populations was caused primarily by the combined
effects of predaceous birds, which were a primary
source of mortality during the fifth- and sixth-instars,
and small mammals, which were the primary cause of
mortality among pupae.

To test the above hypothesis a series of four 0.4-ha
plots, replicated 6 times, was established. One
hundred egg masses were placed within each plot. One
plot was used as a control. Small mammals were
removed from the second. Burlap strips protected by
poultry netting were placed around each tree bole in
the third plot, to foil predaceous birds. Both small
mammal removal and predaceous bird devices were
used in the fourth plot. Results showed conclusively
that mammals played a major role in the dynamics of
these populations (table4-5) and suggest that removal
of small mammals plus exclusion of birds had a more
profound effect than did removal of small mammals
alone (Campbell and Sloan 19775).

Egg-mass densities were actually lower in plots

Bark flaps
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Litter

I N (NN N N I B
0 10 20 30 40 50 60 70 8 90 100

Percent of total larvae

0.5

Survival of larvae from (i) to (i+1)

Figure 4-8.— Relationship between survival of larvae
across a short interval of time and the percentage of
the total larvae found in litter, in bark flaps, and in
other resting locations (Eastford data) (Campbell et
al. 1977).



where birds had been controlled than where nothing
had been intentionally altered ; small mammals in the
former plots ultimately found and consumed nearly
all insects resting beneath the burlap bands. These
results emphasize two concepts. First, while prey loca-
tion is important, these predators are capable of learn-
ing where prey insects are located. Second, vertebrate
predators, collectively, may be necessary to contain a
sparse gypsy moth population, but either birds or
small mammals alone may be sufficient (Campbell
and Sloan 1977b).

Results in Campbell and Sloan (1977b) also
emphasized the importance of selective predation on
female pupae by mammals. About half the pupae
were females in the Eastford area. Only about one-
fourth of the adults were females, because of this
selective predation.

Finally, when density fecundity data from Eastford
were compared with similar data from an extended
outbreak area near Glenville, N.Y ., eight of the nine
average fecundity rates observed in Eastford were
lower than those found in Glenville at similar den-
sities. This situation is worthy of further study.

Other Studies

References to vertebrate predation on the gypsy
moth are fairly common in the Eurasian literature but
almost all refer to birds. Bruns (1960) concluded that
birds can remove substantial proportions of low-
density insect pest populations, and Turcek (1950)
noted that birds probably play a role in maintaining
gypsy moth populations at low levels. Dobrivojevié
(1963) noted that both Oriolus galbula L. and Sitta
europa L. are important predators of larvae and eggs.
Luhl and Watzek (1977) concluded that “5.6
successful broods [of cavity-nesting birds] pro [sic]
hectare may suffice to protect the stand against
caterpillar outbreak [including the gypsy moth].”
Strokov (1956) noted that predaceous birds can be
important in gypsy moth population dynamics in the
Soviet Union, and avian predators formed the bio-
logical core of an integrated control system being
developed against several forest defoliators in the
U.S.S.R.in1975(U.S.-U.S.S.R. 1975). Furuta (1976)
concluded that birds in Japan were the most
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important factor in maintaining gypsy moth
populations at low levels.

References to predation on the gypsy moth by small
mammals are all but absent from Eurasian literature.
Rotschild (1958), however, found the remains of both
gypsy moth larvae and pupae in the stomachs of
Apodemus flavicollis, A. sylvaticus, and Dyromys
nitedula. He noted that the stomachs of these mice
were often filled exclusively with remains of these
insects. Semevsky (1973) concluded that predators
play the most important role in the dynamics of sparse
gypsy moth populations, but he did not identify the
predators.

Parasites have often been assigned a minor role in
the dynamics of sparse gypsy moth populations in
Eurasia (Furuta 1976, Komarek 1950, Patocka and
Capek 1971, Semevsky 1973). Others believe that
parasites can play a major role during this phase
(Gyorfi 1961, Maksimovié et al. 1972). Nematodes
play an undefined role among European populations
(Drea et al. 1977).

Relatively little is known about the role of
invertebrate predators in gypsy moth population
dynamics; most of the literature is on the beetle
Calosoma sycophanta L. Patocka and Capek (1971)
and Vasi¢ (1972) state that this species is rare when the
gypsy moth population is sparse.

Disease apparently plays a minor role among
sparse gypsy moth populations (Vasiljevi¢ and Injac
1973), but adverse weather or climate may be
important in maintaining such populations at
innocuous levels (Jankovié 1956, Maksimovié 1953).

Release Phase
Outbreak Foci

A major problem in trying to understand gypsy
moth population dynamics is tracing an outbreak
back to its origin. Although dispersal of young larvae
undoubtedly plays a major role in the maintenance
and spread of outbreaks, it probably plays a relatively
minor role in their initiation (Campbell 1976). Except
for the edge of the general infestation, even major
outbreaks sometimes appear to have originated in
outbreak foci—relatively small and discrete locations.
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Bess et al. (1947) characterized sites susceptible to
defoliation by the gypsy moth as “.. . light sandy or
gravelly soils; a history of repeated fires; stand
canopies covering less than half the ground; short,
scrubby timber; and a ground cover in which certain
plants are abundant, notably blueberry, sweetfern,
and bracken. Leaf litter is sparse or absent; and in the
more open types, especially where grazed, mats of
grass or Carex may be frequent. Dominant in the
forest are gray birch, aspen or oaks characteristic of
fairly dry sites, particularly scarlet oak, white oak, and
black oak. An abundance of white pine and oak
reproduction in the understory is frequently
characteristic.”

Secure Resting Locations

Bess et al. (1947) thought that sparse gypsy moth
populations would tend to increase in woodlands
where the insects rested and pupated in places other
than the litter. This hypothesis was recently validated
(Campbell and Sloan 1976, 1977b, Campbell et al.
1975a, 1977).

Another hypothesis states that sparse populations
tend to be released when they are near human
activities (Campbell et al. 1976). The woodland edge
had already been implicated by Eurasian investigators
as containing likely foci for outbreaks (Golubev and
Semevsky 1969, Kokhmanyuk 1965, Patocka 1973).
Campbell et al. (1976) found that egg-mass density
was 10 times higher along the forest edge than within
the forest, at least in places where overall egg-mass
density was less than 125 egg masses per hectare(table
4-6). Manmade objects along the forest edge
contained about one-half of the total egg masses
found at low densities. Rough, dry manmade objects
that were protected from light contained the most.

Collectively, the results led to the hypothesis that
some outbreaks originate in sites where naturally
occurring, protected locations (for example, bark
flaps) or their equivalents (manmade objects) provide
abundant resting locations above the forest floor.
Results of a recent test showed not only that trees with
manmade objects had several times as many egg
masses as control trees, but also that trees with

Table 4-6.—Gypsy moth egg-mass density in woodland plots
and in plots along the woodland edge

Range in Egg masses per acre
€gg-mass No. of 82 p
density per home Plots Edge plots
acre under sites per Wood-  along divided by
woodland year in land woodland woodland
conditions stratum plots edge plots
<50 90 8.6 80.9 9.5
51 to 200 35 74.0 459.1 6.2
201 to 500 32 3534 704.4 20
501 to 1000 22 643.6 674.6 1.1
> 1000 26 1,9354  2,198.8 1.1
Total 205 386.1 575.2 1.5

Source: Campbell et al. 1976.

manmade objects along the forest edge tended to have
higher egg-mass densities than similar trees in the
forest proper (table 4-7).

Campbell and Sloan (1977¢) concluded that gypsy
moth outbreaks can start in sites with many protected
resting locations. They characterized such sites as
follows: “Bark flaps were ... used ... most... inthe
woodland sites . .. and [manmade objects] . . . served
the same function along the woodland edge. . .. Tree
forms found among poorly stocked stands such as
those growing on dry, rocky ridges or excessively
drained sands tend to provide abundant sheltered
locations (Bess et al. 1947, Houston 1975). Remnant
“wolf-trees” may also represent outbreak foci.. ..
And ice storms, which often kill portions of the tree
crown, can create ideal locations within the crowns for
larval and pupal survival. ...”

Houston and Valentine (1977) concluded that
“forests rich in ... both favored ... food and ...
aboveground resting and hiding places ... would
support higher populations. . ..”

Predator Failure

Even sparse populations accessible to predators
may become outbreaks. In one recent instance,
synchronous, rapid increases in density were observed
among six subpopulations in the vicinity of Whitehall,



Table 4-7.—Gypsy moth egg-mass density on trees with man-
made objects and on control trees, in plots along woodland
edge and within woodland

Trees with Trees with
All control manmade manmade
trees objects objects
(+standard woodland within
Study area error) edge woodland
Connecticut:
Woodbury 0.03+0.03 0.60+0.36 0.25+0.10
Southbury A 0.22+0.07 2.06+0.45 2.31+0.55
Southbury B 0.25+0.08 1.13£0.26 0.65+0.21
Southbury C 0.36+0.12 1.50+0.32 1.11+0.24
Washington A 0.42+0.09 2.63+0.49 1.47+0.22
Washington B 0.4710.11 2.94+0.60 1.50+0.30
New York:
Lake Mohonk 0.43+0.14 4.03+0.75 1.85+0.59
New Jersey:
Pine Hill 0.34+0.09 7.46+1.96 6.42+1.25
Horn 1.27+0.25 583+1.14 5.33+1.61
Clover 5.46+0.91 11.08+1.46 8.88+1.61
Harbourton 19.53+3.61 26.16+2.68 27.79+4.53

Source: Campbell and Sloan 1977¢.

N.Y. (fig. 4-9). Unfortunately, detailed observations
were not made during years of increase.

Other Release Mechanisms

Stand composition has been described as impor-
tant in gypsy moth population buildup (Clement
and Munro 1917); Behre (1939) felt that outbreaks are
unlikely where favored-food trees are less than 50 per-
cent of the stand. In Europe, Patocka and Capek
(1971) noted that outbreak foci are located in areas of
high-quality food.

Population release is thought by some to be related
to meteorological conditions, which may disrupt the
insect’s control system by stressing host trees and
reducing predation and disease (Vasi¢ 1958). Key
weather events may include either a series of cold
winters and hot, dry summers (Benkevich 1964,
Khanislamov et al. 1962), or simply the lack of cold
weather in mid-May (Patotka and Capek 1971). In
considering causal pathways, however, Khanislamov
and Girfanova (1964) have shown that variations in
weather may have more drastic effects on selected
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natural enemies of the gypsy moth than on the pest
itself.

Several authors have commented on the possible
role of nutrient imbalances in gypsy moth population
release (Buttner 1961, Merker 1960, Patotka 1973).
Little work has been done in this area in North
America.

Although Sisojevi¢ (1975) found that percentage
parasitism was highest in Yugoslavia at intermediate
host densities, Semevsky (1973) concluded that
percentage parasitism does not increase substantially
as host density increases. Similarly, both invertebrate
predators and disease usually play minor roles during
population increases in Europe (Khanislamov et al.
1962, Vasi¢ 1972, Vasijevié and Injac 1973).

Leonard (1971a) suggested that “... population
flushes are a necessary event in the biology of the
gypsy moth to bring about dispersal and genic
mixture.” He postulated that a qualitative change,
which is governed by density, acts as a self-regulating
mechanism; specifically, adults that were stressed
as larvae lay small, energy-deficient eggs. Such eggs
produce a high incidence of additional molting types,
which according to Leonard(1971a) are more likely to
be dispersed by the wind. Recently, several authors
have disputed elements of Leonards hypothesis.
Capinera and Barbosa (1976) determined that larger
larvae were more likely than smaller ones to undergo
more than one dispersal. Also, Campbell (19784)
observed a pattern of density and rate of development
among newly hatched larvae opposite to the pattern
postulated by Leonard (1968a).

Turner (1961) postulated that a sparse gypsy moth
population may “...increase very slowly until the
individual inbreds are mixed to provide for
crossbreeding,” but he did not provide empirical data
on the gypsy moth to support his hypothesis.

Vasi€ (1972) postulated that . .. hybridization .
could reduce or possibly eliminate ... dia-
pause....” Following a series of laboratory trials,
Vasi¢ concluded that “...diapause was shortened
little by little, and in the last three generations, it lasted
only 7-10 days” (Vasi¢ 1976). Later, Hoy (1977, 1978)
reported similar results from laboratory trials with the
North American strain.
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Richardson et al. (1978) concluded that “some egg
characteristics were meaningful in concert as
indicators of [population] quality.”

Combinations of events often have a decisive
influence in the initiation of outbreaks. Although Bess
et al. (1947) noted that land abuses (fires, repeated
clearcutting, overgrazing), drought, and blowdown
all contribute to favorable conditions for outbreaks,
they also believed that outbreaks are actually caused
by the interaction of weather, parasites, predators,
and other factors. Mattson and Addy (1975) also
stressed that combinations of events may tend to
increase host food quality and decrease host
resistance.
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Figure 4-9. — Number of egg masses per 04 ha each
autumn 1971-77 in six sites near Whitehall, N.Y.

In Europe, most adult insects are likely to be
females during years that precede an outbreak
(Keremidchiev 1972, Vasi¢ 1950). About 60 percent of
the adults were females in sparse subpopulations
when the Glenville population was in the outbreak
mode (Campbell 1976).

New Populations

Gypsy moth populations in North America have
shown a tendency toward explosive increase near the
advancing front of the generally infested area. In this
area, therefore, either the processes that lead toward
numerical stability at low levels are relatively
ineffective, or the processes that lead toward
outbreaks are exceptionally effective, or both.

In part, the above situation may reflect the time
required by some introduced enemies for acclimation
to new conditions. Some native North American
enemies may also require acclimation to the gypsy
moth. While many of these processes are unknown,
Doane (1976) has implied that the nuclear
polyhedrosis virus (NPV) should exhibit a time lag
before increasing in recently invaded areas. Also,
differential loss rates among favored-food and less-
favored trees tend to result in stands less susceptible to
defoliation than the original stands.

Recent results suggest that fecundity may be
exceptionally high near the advancing front of the
generally infested area. When density/ fecundity data
from populations in newly infested areas in New
Jersey were compared with similar data from Glen-
ville, the probability was less than 0.05 that the two
data sets were drawn from the same underlying
population. Vasié and Jankovi¢ (1958, 1960) in
Yugoslavia have also suggested that variations in
fecundity may affect population release. High
fecundity in newly infested areas could also be the
result, at least in part, of the high food quality that
may be characteristic of many unstressed plants.

Outbreak Mode

Most investigators have focused their attention
during outbreaks on individual subpopulations,
which usually collapse after a relatively brief interval.



For this reason, little has been written about the
processes that tend to maintain an areawide outbreak.

Variable Densities

Results described in both Campbell (1976) and
Campbell et al. (1977) led to the hypothesis that
intrapopulation processes tend to maintain an
areawide outbreak from year to year, especially where
a wide range of densities is represented.

Relationships between areawide trends in density
and both density at the start of year (n) and the
standard deviation in the logarithm of this density (o)
are shown in figure 4-10. The relationships shown in
this figure may leave the erroneous impression that
areawide populations almost always decrease. These
relationships are based exclusively on populations
that were already dense (Campbell and Sloan 1978aq).
Generally, such outbreak populations can only persist
or decline.

Trends in egg density tended to decrease when o
was held constant at 0.6, its approximate mean value,
but drastic declines did not occur until density
approached 2.5 million eggs per hectare. Trend was
optimal at about 375,000 eggs per hectare. Trend was
drastically altered as a consequence of changes in o.
Rapid decreases could be expected as o approached
zero, and increases could be expected when o was
large.

These results support an earlier premise (Campbell
1973a) that individual subpopulations are sometimes
influenced more by conditions within nearby sub-
populations than by onsite conditions. They
strengthen the hypothesis that dispersal processes
involving either newly hatched larvae or opportunistic
predators, or both, are important in the maintenance
of an areawide outbreak. They also support the
premise that effective intrapopulation dispersal
occurs only where a wide range of densities is
represented.

Possible Adaptations

The gypsy moth has several attributes that appear
to represent adaptations to a numerically bimodal
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Table 4-8.— Estimated larval density and time of gypsy moth
pupation (Glenville data), 1959 and 1960

In- Time  Fourth-
sects Per-  of pu- instar Larval
sam- cent pation larvae density
Site Date pled pupae (rank) peracre (rank)
1959
Wet site 2 June 25 190 71.1 1 524,807 1
Dry site I~ June 26! 230  58.6 2 112,202 4
Dry site 2 July 7 315 97.1 3 135,896 3
Wet site 3 July 7 26 923 4 165,959 2
Med site 4 July 7 186  86.5 5 79,433 6
Wet site |~ July 7 92 84.8 6 81,283 5
Dry site 3 July 7 305 68.8 7 75,866 7
Med site | July 7 190 474 8 54,954 8
Med site 2 July 7 95 4.2 9 8,710 9
1960
Dry site 3 June 24 17 58.8 1 1,862,087 1
Med site I June 24 52 423 2 1,174,898 3
Med site 3 June 24 108 38.0 3 1,202,264 2
Wet site 2 June 24 161 32.2 4 141,254 4
Med site 2 June 24 230 19.1 5 100,000 6
Dry site 1|~ June 242 218 6.0 6 128,825 S
Med site 4 July 1 241 274 7 75,866 7
Dry site 2 July 9 160 469 8 32,359 9
Wet site 3 July 9 54 333 9 23,442 10
Wet site |~ July 9 66 30.3 10 43,652 8

'No pupae were found in any other site in 1959 until after this date.
2No pupae were found in any other site in 1960 until after this date.
Source: Campbell 1978a.

way of life. For example, the rate of larval develop-
ment is directly related to larval density. Differences
among subpopulations in Glenville were minor
shortly after the insects hatched, but they increased
throughout the larval interval and culminated when
the insects in some subpopulations pupated 3 weeks
ahead of those in others (table 4-8). This trait usually
insures that a few insects will pupate in even the most
dense subpopulation before the rest are overcome by
overpopulation phenomena such as disease and
starvation.

The average number of eggs per egg mass at the end
of a generation is an excellent indicator of larval
density during the generation—at least across a broad
range in densities. Reductions in fecundity are evident



80 The Gypsy Moth

even below levels where significant defoliation takes
place (fig. 4-11). Such reductions tend to dampen
rates of increase, and thus dampen the effects of over-
population phenomena, as the insects reach higher
densities.

Both the ability of the larger larvae to use foliage of
species on which the smaller insects would starve
(Mosher 1915) and their apparent ability to alter food-
getting patterns from one host species toward another
as density increases (Campbell and Sloan 1977a) may
represent important adaptations in situations where
favored food has run out.

Finally, although gypsy moth larvae in sparse
populations undergo a sharp behavioral shift during
the third instar, this trait disappears completely at
sufficiently high densities (Campbell 1974¢). Because
dense aggregations would increase the rate of spread
of infectious agents, it is logical to suppose that
natural selection works against individuals in dense
populations that are prone to form such aggregations
(Campbell 19784q).
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Figure 4-10.— Expected areawide trends in egg den-
sity from vear n 1o n+l, as functions at year n of
areawide egg density per 0.4 ha and standard devia-
tion in egg density (Glenville, N.Y., and intensive plot
system data) (Campbell and Sloan 1978a).

Other Studies

Turcek (1948) noted that densities of certain birds
doubled or tripled during a large outbreak in South
Slovakia. He also noted that predation from this
source is of little value during outbreaks (Turcek
1950). It is possible that the activity of these birds
actually tends to maintain outbreaks.

Khanislamov and Girfanova (1964) describe
several abrupt, weather-induced shifts in natural
enemies of the gypsy moth inthe U.S.S.R. Depending
on their direction and magnitude, such shifts might
either prolong or terminate outbreaks.

Decline Phase

Most investigations of gypsy moth population
dynamics around the world have focused on
outbreaks. Many investigators have commented on
possible reasons for population decline. Although the
actual processes responsible for such declines have not
often been clearly identified, dense gypsy moth
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Figure 4-11.— Relationship between number of fourth
instars per 04 ha (Ni.,) and the average number of
eggs per egg mass at the end of the generation (F.,)
(Glenville data, 1958-63) (Campbell 1978).



populations seem to exhibit equivalent overpopula-
tion phenomena regardless of where they occur.

Parasites and Predators

Efforts in North America to control gypsy moth
populations through the introduction of foreign insect
enemies constitute one of the largest undertakings of
its kind (Brown 1961, DeBach 1974, Hoy 1976).
Many authors have suggested that these organisms
may play a major role in the natural regulation of
gypsy moth numbers (Burgess and Crossman 1929,
Dowden 1962, Moulding 1977, N.J. Div. Plant
Industry 1974). Recent studies, however, suggest that
introduced parasites generally play a minor role in the
dynamics of dense North American gypsy moth
populations (Barbosa et al. 1975, Campbell 19675,
N.Y. Department of Environmental Conservation
1976, Reardon 1976, Tigner 1974). Reardon, for
example, who collected and reared more than 165,000
larvae and pupae from dense populations in New
York, Massachusetts, and New Jersey during 1972
and 1973, concluded that parasites “...did not
remove a significant proportion of the host
population and did not function to limit the rate of
increase of the gypsy moth....”

Regarding further parasite introduction, Barbosa
(1977) suggests that “multiple introductions of both r
and K strategists should be undertaken.” Zwblfer
(1970), however, urges that ... biological control
operations should proceed cautiously with the
parasite species being introduced in a predetermined
sequence.”

Although several species of native North American
ichneumonids may sting many gypsy moth pupae in
dense populations, these stung insects are unlikely to
produce ichneumonid offspring (table 4-9). Rather,
many of the doomed pupae may serve as a food
source for scavenging sarcophagids (Campbell
1963 a).

Campbell (1974¢) mentioned one instance where
the predaceous ground beetle Calosoma sycophanta
caused heavy gypsy moth mortality. In this instance,
outbreak conditions were maintained for several
consecutive years. Similarly, several Eurasian investi-
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gators have noted that both parasites and C.
sycophanta are most likely to affect population
decline where outbreaks have persisted (Chugunin
1959, Grisson 1955, Keremidchiev 1972, Vasié and
Salatic 1959). Several investigators, however, state
that both parasites and predators play only a minor
role in terminating outbreaks in Eurasia (Komarek
1950, Nolte 1940, Semevsky 1973). Nolte (1940)
suggested that C. sycophanta might be more effective
in North America than in Europe.

In general, vertebrate predators appear to play a
trivial role in the decline of gypsy moth outbreaks,
except possibly as vectors of infectious disease
(Lautenschlager and Podgwaite 1977).

Except where outbreak conditions have been
maintained for several consecutive years, it seems safe
to conclude that parasites and predators usually play a
minor role in the decline of gypsy moth outbreaks.

Overpopulation Phenomena

Areawide population collapse appears to result
primarily from the widespread occurrence of over-
population phenomena, principally disease, reduced
fecundity, and starvation.

Many authors agree that disease plays a crucial role
in the decline of gypsy moth outbreaks (Bess et al.
1947, Campbell 19635, Chugunin 1959, Doane 1970a,
Dobrivojevié 1963, Fiske 1913, Kaya 1976, Kolybin
and Zelinskaya 1971, Komarek 1950, Patocka and
Capek 1971, Semevsky 1973, Szalay-Marzs$ 1957,
Vasi¢ 1958, Vasié and Jankovié 1958, Vasiljevié 1959,
Vasiljevic and Injac 1973). Disease incidence is almost
always low among sparse populations, but sweeping
epizootics may decimate high-density ones. Disease is
likely to be more effective in wet sites than in dry or
medium ones (fig. 4-12). Disease is also likely to be
higher in aspen (Populus spp.) stands than in oak-
hiAckory (Quercus-Carya) (Bess 1961). Mihalache and
Pirvescu (1977) concluded that food quality, rather
than food failure, is most important in determining
the intensity of an epizootic.

Major components of infectious disease in North
America include both NPV (Doane 1970a, Kaya
1976) and pathogenic bacteria (Doane 19705,
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Podgwaite and Campbell 1972, Podgwaite and
Cosenza 1966, 1976b). In Europe, several authors cite
both polyhedrosis and microsporidiosis as playing
major roles during outbreaks (Kolybin and Zelin-
skaya 1971, Patotka and Capek 1971). Magnoler
(1970) reported different susceptibilities among gypsy
moth larvae to both nuclear- and cytoplasmic-
polyhedrosis viruses from various sources.

Both noninfectious disease and combinations
involving several agents can play a major role in gypsy
moth population dynamics. Comparative studies on
the components of disease in both dense (Old Lyme,
Conn.) and sparse ( Eastford) gypsy moth populations
revealed that many of the diseased insects had died
from unknown causes. Many insects were placed in an
“undetermined” category; their status did not provide
clear-cut evidence for cause of death (table 4-10). In
Glenville, polyhedrosis accounted for about one-half
the total larval disease loss, up to about 40 percent.
Above this level, “Virus polyhedra continued to be
present within nearly all dead larvae, but there were so
few polyhedra present that virus could not have been
the only agency involved in causing this additional
mortality” (Campbell 19635).
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Figure 4-12.— Relationships among gypsy moth pop-
ulation density, site soil-moisture conditions, and
larval disease incidence (Glenville, N.Y., 1958-61)
(Campbell 1963b).

Table 4-9.— Number of gypsy moth pupae stung by ichneu-
monids and number producing ichneumonid offspring (Glen-
ville data), 1958-60

Ichneumonid Number Number producing
species stung ichneumonids
Theronia atalantae
Cresson 16 4
Pimpla pedalis
Cresson 20 |
ltoplectis conquisitor
(Say) 47 0
Total 83 B

Source: Campbell 1963a.

Recent studies suggest that both dermestids and
parasites can contribute to the level of virus activity
(Mihalache et al. 1977, Reardon and Podgwaite 1976,
Raimo et al. 1977).

Outbreaks have tended to decline during years
when June precipitation was high (Campbell 19675,
Campbell and Sloan 19784). Since Wallis (1957, 1960)
has shown a positive correlation between humidity
and larval disease, it seems reasonable to suppose that
high June precipitation may result in an exceptionally
high incidence of disease.

Starvation and reduced fecundity also play a major
role in the decline of dense gypsy moth populations
(Bess et al. 1947, Campbell 19675, Clement 1917,
Dissescu 1963, Keregnidchiev 1972, Maksimovit
1954, Patotka and Capek 1971, Semevsky 1973,
Szalay-Marzsb 1957, Vasié 1958, Vasi¢ and Janovié
1958). In dense Glenville populations, the direct
contribution of variation in fecundity to overall
variation in egg density was rather small, but positive
correlations between fecundity and the survival rates
of large larvae and pupae served to magnify this
contribution considerably (Campbell 19675b).

Edel’'man (1963) showed, that stages in gypsy moth
development are related to the biochemical composi-
tion of the leaves, and Werner (1978) found that
repeated defoliations by the spear-marked black
moth, Rheumaptera hastata (L.), result in trees that
produce “An abundance of nutrient depleted food . . .



[hence] ... larval starvation and population decline.”
Defoliation also reduces water losses and water stress
(Stephens et al. 1972). Little direct evidence appears to
have been accumulated on the gypsy moth regarding a
possible feedback between current defoliation and a
subsequent decrease in foliage nutrients. However,
several authors have noted that equally dense gypsy
moth populations cause more defoliation early in an
outbreak than later on (Campbell and Standaert
1974, Dissescu 1963). Cambini (1975) concluded that
defoliation of cork oak results in delayed bud burst in
the following year.

Most of the adult insects tend to be males in the
year of population decline (Campbell 1963a,
Campbell 1967h, Keremidchiev 1972, Vasié 1950,
Vasi¢ and Jankovié 1958).

Changes in Stand Composition

Heavy, repeated defoliation by the gypsy moth can
result in dramatic forest responses, at least in North
American forests. These responses can reduce the
capacity of the forest to sustain an outbreak.

Differential loss rates among favored-food and less-
favored trees in the composite Melrose Highlands
forest tended to result in residual stands less
susceptible to defoliation than those present originally
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Figure 4-13.— Percentage of total live trees on the
Melrose Highlands plots that were favored food (class
A), eaten but not favored (class B), and not usually
eaten (class C), for each year between 1911 and 1921
(Campbell and Sloan 1977a).
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Table 4-10.—Status of gypsy moths that were placed in the
undetermined category: Old Lyme vs. Eastford

Old Lyme Eastford
Percent Percent
Status Number  of total Number  of total
Virus! 35 15.5 16 8.4
Micro-organism? 51 22.6 86 45.3
Wound 65 28.8 32 16.8
Virus and micro-
organism 22 9.7 10 5.3
Virus and wound 19 8.4 S 2.6
Micro-organism
and wound 22 9.7 37 19.5
Virus and micro-
organism and
wound 12 5.3 4 _21
Total 226 100 190 100

'Fewer than 10 polyhedra per field.

“Includes both aerobic bacteria that did not prove to be pathogenic
and fungal mycelia or spores.

Source: Campbell and Podgwaite 1971.

(fig. 4-13). Recent stand composition changes in New
Jersey and Pennsylvania have led others to conclude
that subsequent outbreaks by this pest may not be as
frequent or damaging as they tend to be after initial
invasion (Houston and Valentine 1977, Kegg 1971,
1973, Nichols 1961). Capinera and Barbosa (1977)
concluded that forest composition may directly affect
population quality, as well as numerical levels.

In Eurasian forests, stand responses to defoliation
appear to be relatively mild. Heavy, repeated
defoliation seems fairly common (Baeta Neves 1947,
Rafes 1970, Romanyk 1965, Turchinskaya 1963), and
increment loss from defoliation is often significant
(Fratzian 19734, Magnoler and Cambini 1968,
Mirkovié and Miscevié 1960, Vorontsov and
Mozolevskaja 1972). Different species have different
susceptibilities to defoliation (Fratzian 19734), but
tree mortality is usually surprisingly low (Rafes 1970,
Romanyk 1965, Turchinskaya 1963).

One possible explanation for the apparently more
benign gypsy moth/forest relationship in Eurasia, as
opposed to that of North America, is described in the
section on long-term gypsy moth/ forest relationships.
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Factors That Distort the Sex Ratio

Some mortality factors kill subadult male and
female gypsy moths at different rates. In extreme
cases, these factors can cause phenomenal departures
from the expected 50:50 sex ratio. Since these factors
include some of the principal mortality processes in
this life system, the percentage of females among
adults at the end of the generation is sometimes closely
related to trends in egg density from one generation to
the next (Campbell 1963¢).

Adult sex ratios in Glenville ranged from 83 percent
females to only 2 percent females, but sex ratios were
50:50 among embryos and newly hatched larvae. The
sex ratio at the start of the fourth instar was
consistently about 65 females to 35 males (Campbell
1963¢, Campbell 1967q).

Disease and probably other overpopulation
phenomena (desiccation, starvation) are strongly
selective against female larvae (fig. 4-14). This
selection occurs mainly because these phenomena
usually peak as the insects are pupating. Because male
insects tend to pupate before females, the females are
more vulnerable. In Glenville, only 10 percent of the
pupae were females after one epizootic.
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Figure 4-14— Percentage of females among pupae as
related to disease and desiccation among fourth-
through sixth-instar larvae and prepupae (Glenville
datay (Campbell 1963b).

As indicated earlier, white-footed mice are more
likely to prey on female than male pupae. In Eastford,
this caused a shift from about 50 percent females
among pupae to only about 25 percent females among
adults (Campbell 1976, Campbell and Sloan 1976,
1977b).

Ichneumonids usually kill more male pupae than
females, except where pupal size is reduced by
excessive density. Apparently, these ichneumonids
tend to concentrate on host pupae of a given size
(Campbell 1963¢).

Finally, at least one tachinid, Blepharipa pratensis
(Meigen), tends to kill more female pupae than males.
These parasites deposit their microeggs on foliage,
where female gypsy moth larvae are probably more
likely than males to ingest them simply because
females consume more foliage (Burgess and
Crossman 1929).

Long-Term Gypsy Moth/Forest
Relationships

Over time, forest succession will inevitably alter
forest susceptibility to the gypsy moth. Within each
host species, reductions may also be evolving in
susceptibility to defoliation and damage. Both
patterns of forest succession and possible evolving
host/ pest interactions are discussed further.

Forest Succession

Transient agriculture, heavy cutting, and wildfire
have resulted in a vast area of second-growth, mostly
even-aged stands in the hardwood forest of Eastern
North America. Most of these stands are now from 50
to 90 years old (Marquis 1977). Changes are rapid in
these young stands.

Various oak species are now dominant across much
of this young forest, and oaks may even increase
temporarily, because of natural mortality among
pioneer species (Collins 1962, Olson 1965). Except
under exceptionally dry conditions, however, succes-
sion in such stands generally leads toward a species
composition characteristic of mesic sites (Bess et al.
1947, Carvell and Tryon 1961, Clark and Watt 1971,



Niering 1953, Spurr 1956, Trimble 1973). Within such
stands, defoliation-induced changes have usually
tended to accelerate succession (Bess et al. 1947,
Campbell 1978b, Campbell and Sloan 19774,
Clement and Nisbet 1972, Stephens 1976).

In contrast to the above, the gypsy moth may retard
succession on dry sites. Oak stands on such sites may
represent climax or at least relatively stable subclimax
communities (Little and Moore 1949, Niering 1953,
Oosting 1942).

Over time, the dynamics of North American gypsy
moth populations are bound to be profoundly
influenced by patterns of forest succession. Con-
versely, defoliation can also influence these succes-
sional patterns (Best et al. 1947, Campbell 19785,
Clement and Nisbet 1972).

Evolving Host/ Pest Interactions

North American investigators have long recognized
that susceptibility to gypsy moth defoliation varies
among individuals within a species (Minott and Guild
1925). Differential tree mortality within each host
species is a major consequence of this differential
defoliation (table 4-11). In the Melrose Highlands
forest, some trees within each species were
consistently more heavily defoliated and, subse-
quently, more likely to die.

From the above results, Campbell and Sloan
(1977a) inferred that a process similar to Pimentel’s
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Figure 4-15.—Change through time in apparent intra-
specific susceptibility to defoliation (adapted from
Campbell and Sloan 1977a).
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Table 4-11.—Mean tree-defoliation levels and subsequent
mean percent tree mortality of three cohorts! for successive
vears following an initial defoliation of at least 20 percent by
the gypsy moth

Defoliation and mortality subsequent
to year of cohort establishment

Mean percent
defoliation

Mean percent
tree mortality

High Medium Low
range range range

High Medium Low

Species range range range

White oak 339 217 255 533 36.7 347

Red oak 20.1 17.6 16.3 243 14.6 10.3
Black oak 25.6 23.3 22.5 54.5 484 42.1
Scarlet oak 329 3.8 27.2 439 38.1 237
Gray birch 38.1 35.2 36.7 64.8 61.1 59.3
Paper birch 26.0 253 224 41.1 35.2 328

Red maple 223 16.6 14.0 337 25.8 22,6
White pine 10.4 59 50 373 16.8 149
Chestnut 9.2 8.5 8.0 77.1 75.1 750
Beech 14.0 9.6 10.0 6.2 0 42

'Each tree’s cohort was established the first year in which defoliation
of the stand reached 20 percent. Trees in the high range were defoliated
more than average for the species; in the medium range, average defo-
liation; in the low range, less than average.

Source: Campbell and Sloan 1977a.

(1961, 1969) genetic feedback mechanism was
operating in this life system. This process would tend
to favor trees that suffered less than average
defoliation and could be expected to result in a more
defoliation-resistant forest than its predecessor (fig.
4-15). Largely through this process, forest stand
responses to defoliation by the gypsy moth may
eventually become similar to the relatively benign
situation on other continents.

Historical Resumé

Around the world, most gypsy moth infested areas
appear to support a potentially numerically bimodal
population system. A predator complex that is
probably dominated by vertebrates (birds and
possibly small mammals) may be able to maintain
sparse populations at innocuous levels indefinitely.
Conversely, intrapopulation dispersal phenomena,
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together with a series of possible adaptations by this
insect to a numerically bimodal way of life, are also
capable of maintaining an areawide outbreak for at
least a decade.

In North America, spectacular outbreaks are
relatively common near the advancing front of the
generally infested area. However, several processes
tend to modify this situation in areas that have been
infested for several decades or more. These processes
include responses by the gypsy moth and some of its
introduced enemies to a new environment and
responses by both native natural enemies and the
forest stand to the gypsy moth.

Natural Regulating Factors

Introduction
William E. Wallner

To elucidate further the population dynamics of
gypsy moth, a series of 0.04-ha plots was established in
seven geographic regions. The intent was to develop
techniques for estimating the population over time
and to measure causes of mortality and distribution of
life stages. Additionally, tree condition (starch and
pathological state), small mammal predators, and
parasites were to be documented. Initially, refinement
of techniques was to be done in one location and then
applied to the remaining six plots. However, because
of the urgency of the gypsy moth problem, the
decision was made to activate the complete system im-
mediately. It was then discovered that the original
estimates of manpower required and efficiency of
techniques were not realistic within the existing eco-
nomic confines.

Support through the expanded gypsy moth pro-
gram was not forthcoming until after populations
within the intensive plot system had declined. Thus,
only partial information (egg-mass density and tree
condition and mortality) was obtained. However,
there have been a number of studies supported
through the program that add substantially to a more
thorough understanding of gypsy moth. Following
are reports of this rather diverse research effort.

Parasites

General Considerations
Richard C. Reardon

The stabilizing influence of natural enemy
populations in ecosystems has been reviewed by
numerous authors: Simmonds 1956, Balch 1960,
Turnbull and Chant 1961, DeBach 1964, 1972, Hagen
et al. 1971, Munroe 1971, Hagen and Franz 1973,
Coppel and Mertins 1977, and Ridgway and Vinson
1977. Pschorn-Walcher (1977) further characterized
this stabilizing influence by contrasting the pro-
cedures and underlying philosophies of biological
control in the forest ecosystem with those in agroeco-
systems and suggested that because of permanence
and continuity of forest ecosystems, detailed preintro-
duction studies into the structure of parasite/ predator
complexes are both warranted and profitable.
Unfortunately, there are no reliable criteria for
determining a priori which components of the
natural enemy complex will be effective if they
establish.

The relative “degree of success” of biological
control operations has ranged from complete failure
to complete success for the gypsy moth, depending
upon those criteria considered important. For
example, DeBach (1964) listed four criteria: The
proportion of the toal range of the pest in which
control is achieved, the degree to which the duration
or severity of outbreaks is reduced or the duration of
the intervals between outbreaks is increased, whether
supplementary control methods must be used, and
whether a pest is of great or slight economic im-
portance. Using these criteria, he rated the biological
control program against the gypsy moth as a “partial
success.” In a more recent review, Reynolds (1976)
evaluated the success of the Federal-State gypsy moth
parasite program using five criteria; she concluded
that the program was a “success” within the
framework of time, money, and other resources
allocated for its accomplishment. In general, the
chances of success of biological control are less when
the introduced pest (in this case gypsy moth)is also a
pest in its native habitat, and when the forest to which



it has been introduced is highly favorable to its
increase or vulnerable to its attack (Balch 1960).

The role of parasites as an individual regulating
mechanism of forest insects has been discussed by
numerous authors: Clausen 1956, Dowden 1962,
DeBach 1964, 1974, Swan 1964, Turnock and
Muldrew 1971, Morris 1959, Nielson and Morris
1964, and Coppel and Mertins 1977. In the most
recent review by Coppel and Mertins (1977), several
attributes of parasites were listed that should be
considered for the use of parasites in biological
control: Ecological compatibility, temporal syn-
chronization, density responsiveness, reproductive
potential, searching capacity, and dispersal capacity.
In general, the most desirable parasite will respond
positively to density, although such responses are of
two types—functional and numerical. Positive re-
sponses of either type are beneficial to pest
suppression, although a strong functional response
alone is seldom able to regulate pest densities over
many generations. A rapid and strong numerical
response characteristic is the most important attribute
of a successful parasite.

Foreign Studies
Richard C. Reardon

At least 150 species of parasites have been recorded
from the gypsy moth throughout its Old World
distribution. The species composition of parasites of
the gypsy moth varies throughout Eurasia (Howard
and Fiske 1911), although because of taxonomic
difficulties (misidentification and synonyms), the
number, relative importance as mortality factors, and
distribution of the various species are difficult to
evaluate among countries.

The species considered important throughout
Eurasia are the egg parasites (OQoencyrius kuvanae
and Anastatus disparis), small larval parasites (Apan-
teles spp., Meteorus spp.,and Phobocampe disparis),
large larval parasites (Blepharipa pratensis, Paraseti-
gena silvestris, Exorista spp., Palexorista spp.,
Carcelia spp., and Compsilura concinnata), and
pupal parasite (Brachymeria intermedia). Total
percent parasiism by complexes of these species
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varies tremendously (less than 10 percent to 100 per-
cent) in relation to geographic location, host density,
and phase of cycle for alternate and/ or overwintering
hosts. For example, in the town of Kiev, Russia, a
dense population of gypsy moths was apparently
suppressed in 1908 through the activity of the
parasites and only a few isolated colonies survived,
whereas in the town of Bendery, Russia, in 1909, the
damage to the forests was enormous and parasite
control seemed to be most inefficient (Howard and
Fiske 1911). More recently, Sisojevi¢ (1970) in
Yugoslavia stated that oligophagous tachinids
reached their maximum percentages (50-60 percent)
on an intermediate host density, whereas the
polyphagous species attained their highest percentages
(10-20 percent) at relatively low gypsy moth density
associated with a high density of alternate hosts.

North American Studies

1900-70
Richard C. Reardon

A total of nine exotic parasite species of the gypsy
moth from Eurasia were established in North
America from 1900 to 1960. (This does not include
Monodontomerus aereus Walker, which is con-
sidered primarily a hyperparasite.) These nine species
included most of the major parasites of the gypsy
moth found in Eurasia: Egg parasites (O. kuvanae
and A. disparis); larval parasites (4. melanoscelus, P.
disparis, B. pratensis, P. silvestris, E. larvarum, and C.
concinnata); and a pupal parasite (B. intermedia).
Apanteles porthetriae, A. liparidis, Exorista spp.,
Palexorista spp., and Carcelia spp. were major species
introduced in North America that were considered
important elsewhere but that failed to become estab-
lished, probably because of the lack of suitable alter-
nate and/or overwintering hosts or poor colonization.
However, it is not possible, because of differing biotic
and abiotic environmental factors, to predict ac-
curately the performance of exotic parasite species in
North America on the basis of observations made
overseas—some will exceed expectations, while some
species will be less effective.
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The early field work (1908 to 1910) conducted by
Howard and Fiske (1911) showed that a maximum
sixfold increase prevailed whenever the gypsy moth
was in periods of innocuousness; an aggregate para-
sitism of 85 percent would be sufficient and much less
than 75 percent would not be effective to maintain
such a host density. During the early 1900, an
attempt was made to find in the literature such a
degree of parasitism in Eurasia, but the scarcity of
published information led to the conclusion that in
few instances was existing parasitism sufficient to
answer the requirements (at least 75 percent para-
sitism) in North America. In others it is obviously
insufficient; in most the results of the study of
imported material were not sufficiently reliable to
support either contention. Also, at that time, it was
generally accepted that the maximum rate of increase
exhibited by the gypsy moth during progradation and
culmination could only be met by an unreasonable
percent of parasitism, thereby making the proposition
of introducing parasites to prevent outbreaks
unjustifiable.

By the end of the second importation effort,
1922-33, approximately 35 species of exotic parasites
had been released in New England, although evalua-
tion of their effectiveness was complicated because of
chemical insecticide eradication and control attempts
(that is, some parasite species might have been
eliminated directly or indirectly through changes in
gypsy moth density and/or changes in alternate and

overwintering host populations).
Prior to 1960, several intensive studies (Melrose

Highlands 1911-31, Bess 1961) of naturally occurring
gypsy moth populations in North America were
conducted in an attempt to “understand” the causes of
periodic fluctuations of gypsy moth populations.
These studies documented parasites as a contributing
mortality factor but were not identified as the “major”
mortality factor. Also during this time, generaliza-
tions concerning the role of natural enemies as
mortality factors of the gypsy moth were numerous:
Clausen (1956) stated “... gypsy moth outbreaks
were reduced in range and severity comparable to
those occurring in Europe due to natural enemies”,

Friend (1945) said “... natural enemies were well
established on the gypsy moth and were affecting its
abundance™ and Turner (1963) stated “... it is
assumed that parasites and predators are responsible
for the low level of the pest between outbreaks and
may also be responsible for increasing the interval
between outbreaks.” The relationship between rate of
apparent parasitism and importance as a regulating
factor is difficult to determine as discussed by Coppel
and Mertins (1977) who said that the most numerous
natural enemy of a pest is not always the most
important one in regulating its density. A common
parasite may simply be a part of an overall complex of
mortality factors that cause a large and consistent
reduction in host numbers. This leaves a small, low-
density residual host population responsible for
maintaining reproduction of the species—hence the
desirability for a parasite to utilize this low-density
population.

1970 to Present
Richard C. Reardon

Previous studies concerning the role of parasites as
a mortality factor of the gypsy moth were conducted,
for the most part, in the “old infested” areas and there
was some doubt that those conclusions would apply
to “newly infested” areas or could be duplicated in the
early infested areas. Therefore, several studies were
initiated in the early 1970’ by various Federal and
State agencies and universities in an effort to
document the role of parasites in both newly and early
infested areas. The results of these studies are
summarized by State, except for the studies
conducted by Hedlund and Reardon, which include
two or more States. For additional information
concerning specific collecting and rearing techniques
and plot locations within individual States, see the
following publications: New York, Tigner 1974,
Reardon 1976; Massachusetts, Barbosa et al. 1975,
Reardon 1976; New Jersey, Reardon 1976, Hedlund
and Angalet 1978, Metterhouse 1978; and Pennsylva-
nia, Hedlund and Angalet 1978, Ticehurst et al. 1978.



General Survey of Western Massachusetts
Pedro Barbosa

A survey of parasites emerging from gypsy moths
collected from relatively high- and low-density sites
was conducted in western Massachusetts (Barbosa et
al. 1975). Of all the species recovered, Compsilura
concinnata was the most abundant (about 27 percent
parasitism), followed by Blepharipa pratensis and
Apanteles melanoscelus. Phobocampe disparis, Para-
setigena  silvestris, and FExorista sp. were also re-
covered. The subtle influence of nucleopolyhedrosis
virus, particularly at high densities, on the degree of
recovery of parasites from hosts is unknown.
Nevertheless, it appears clear that percent parasitism
was greatest at the low gypsy moth density site.
Similarly, parasitism by Blepharipa pratensis was
more consistent and higher in the low-density site
(table 4-12). This difference may have been affected
by virus infection of larvae.

Parasitism by C. concinnata was highest in the
lower canopy of the low density site. This differential
may have resulted from microhabitat preferences of
the fly or microdistribution differences of its host.

Parasite/Host Succession System in Pennsylvania
Mark Ticehurst

The objective of the parasite/host succession
systems was to determine the species composition and
relative importance of gypsy moth parasites along the
“leading edge” of the infestation. This project (Tice-
hurst et al. 1978) was initiated in 1974 when 34 plots of
0.5 ha each were established in building first<cycle
gypsy moth infestations in Schuylkill, Lebanon,
Centre, and Union Counties along the “leading edge”
of the infestation. Gypsy moth EM density (¥) peaked
in 1975 and declined each successive year through
1979. Heavy defoliation occurred in 1974 and 1975.
while light or no defoliation was observed in sub-
sequent years.

More than 19,955 parasites were recovered from
110,797 larvae and pupae; the corresponding rates of
parasitism are shown in table 4-13. These results
represent the mean of the highest parasitism rate
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Table 4-12.—Comparison of parasitism of larval gypsy moths
by Blepharipa pratensis (Meigen) in a low-density egg-mass
site (Cadwell Forest) and a high-density egg-mass site (Town
Forest)

Percent parasitism

Week of collection High-density site Low-density site

2 0 0.3
3 0 1.2
4 0 3
5 7 1.8
6 9.9 8.1
7 3.4 328
8 0 235

averaged from all plots each year. B. pratensis
achieved the greatest rate of parasitism in 1974, B.
intermedia in 1975, and P. silvestris in 1976-1978.

Farasites of Small Larvae

Apanteles melanoscelus parasitized 0.6, 0.7, 9.9,
and 7.2 percent of the small larvae from 1974 to 1977,
respectively. The highest rate observed was 29.0 per-
cent (n=101) in 1978. This braconid appears to be the
most influential following the collapse of the host in-
festation as seen in 1976, 1977, and 1978.

Phobocampe disparis was not recovered in 1974
however, it parasitized 0.1, 4.0, and 6.5 percent of the
small larvae from 1975 to 1977, respectively. A sample
of 102 larvae collected in 1977 produced 30 P.
disparis, indicating 30.4 percent parasitism. Para-
sitism rates were highest in sparse host populations
following a gypsy moth collapse.

Farasites of Large Larvae

Compsilura concinnata was recovered from 5.9
percent of the larvae in 1974, 0.9 percent in 1975, 2.1
percent in 1976, and 2.3 percent in 1977. The highest
rate observed was 53.6 percent (n=262) from a
collection in 1974. Parasitism appeared to be greatest
in sparse building gypsy moth populations preceding
a collapse. However, because it is broadly polypha-
gous, its influence is probably directly related to the
presence of alternate hosts.
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Table 4-13.— Percent parasitism of gypsy moth in parasite|host succession plots, 1974-78

Percent parasitism

Egg masses
Year per hectare (X) A. melanoscelus P. disparis C. concinnata P. silvestris B. pratensis B. intermedia
1974 4819 0.6 0.0 59 0.4 214 9.8
1975 7,051 N .1 9 2.3 8.4 29.8
1976 1,141 99 40 2.1 22.5 12.7 .5
1977 220 7.2 6.5 2.3 49.7 24.4 .6
1978 233 9.7 124 4.6 61.9 48 0

Parasetigena silvestris was first observed in
Pennsylvania in 1970 despite its establishment in New
England in 1927. This parasite increased dramatically,
killing 0.4, 2.3, 22.5,49.7, and 61.9 percent of the large
larvae from 1974 to 1978, respectively. The highest
rate, 83.0 percent (n=100) was observed in 1978. P.
silvestris was a major mortality factor in sparse gypsy
moth populations in 1977 and 1978, the second and
third years following the collapse of the host
population.

Parasitism by P. silvestris was much greater in
Pennsylvania than in other Northeastern States and
was equal to or greater than maximum parasitism
observed in Yugoslavia over a l6-year period
(Sisojevi¢ 1970). The ecological conditions in central
Pennsylvania, the southwestern extent of the
defoliating infestation, may be more optimal for P.
silvestris than areas to the northeast.

Blepharipa pratensis was recovered from 21.4
percent of the large larvae and pupae collected in
1974, 8.4 percent in 1975, 12.7 percent in 1976, and
24.4 percent in 1977. The greatest rate, 53.8 percent
(n=200), was observed in 1974. Parasitism by B.
pratensis appears to be inversely related to defoliation
and host density. Lack of foliage during periods of
heavy defoliation would prevent B. pratensis from
ovipositing on foliage and thus would prevent gypsy
moth larvae from ingesting eggs and becoming
parasitized (Sisojevic 1970).

Parasites of Pupae

Brachymeria intermedia parasitized 9.8 percent of
the pupae collected in 1974, 29.8 percent in 1975, 0.5

percent in 1976, and 0.6 percent in 1977. The highest
rate observed was 67.2 percent (n=197) in 1975, from
a dense host population that resulted in heavy
defoliation. Parasitism appears to be directly related
to host density and/ or defoliation. Drastic changes in
parasitism by B. intermedia (that is, 29.8 percent in
1975 to 0.5 percent in 1976 in same sites) may indicate
massive dispersal of the parasite population into or
out of more or less desirable host populations.

These results indicate that parasitism by most gypsy
moth parasites is related to host density and the phase
of the host cycle. Parasitism by A. melanoscelus, P.
disparis, P. silvestris, and B. pratensis was greatest at
relatively low host density in the first through third
postculmination years following the collapse of the
host population. However, parasitism by the pupal
parasite, B. intermedia, was greatest during the cul-
minating phase of the host cycle with peak host
density and heavy defoliation.

These data when compared to those reported in
New England, show that rates of parasitism in Penn-
sylvania are generally different than those reported
elsewhere. For example, Barbosa et al. (1975), Tigner
(1974), and Reardon (1976) indicated that parasitism
by P. silvestris was minor, rarely exceeded 3 percent, in
Massachusetts, New York, and New Jersey,
respectively. The results of this study show that P.
silvestris killed 61.9 percent of the large larvae in
Pennsylvania, was a major mortality factor, and
appeared to be largely responsible for massive
stabilization throughout Central Pennsylvania (study
area) in 1977-1979.

In summary, the parasite complex in Pennsylvania
appears to be relatively ineffective (low rates of para-
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Table 4-14.—Gypsy moth parasites recovered in New York State

Host stages affected

Parasite Enter Exit
Anastatus disparis Ruschka Eggs Eggs
(Hymenoptera: Eupelmidae)
Qoencyrtus kuvanae (How.) Eggs Eggs

(Hymenoptera: Encyrtidae)
Apanteles melanoscelus (Ratz.)
(Hymenoptera: Braconidac)
Phobocampe disparis (Vier.)
(Hymenoptera: Ichneumonidae)
Compsilura concinnata (Meigen)
(Diptera: Tachinidac)
Parasetigena silvestris (R.D.)
(Diptera: Tachinidae)
Blepharipa pratensis (Meigen)
(Diptera: Tachinidae)
Sarcophaga aldrichi Parker!
(Diptera: Sarcophagidae)
Brachymeria intermedia (Nees)
(Hymenoptera: Chalcididae)
Theronia atalantae (Poda)
(Hymenoptera: Ichneumonidae)
Coceygomimus pedalis (Cress.)
(Hymenoptera: Ichneumonidae)

Early, middle instars Middle instars

Early instars Middle instars
Early, middle, late instars Middle, late instars; pupae
Middle, late instars Late instars, pupae

Middle, late instars Late instars, pupae

Pupae Pupae
Pupae Pupae
Pupae Pupae
Pupae Pupae

'Relationships with host not completely known.

sitism) in preventing building host populations along
the leading edge from reaching outbreak levels. Para-
sitism byB. intermedia during the culmination phase
together with nucleopolyhedrosis virus and host stress
are responsible for the collapse of the host population.
Parasitism (60-70 percent) of the large larvae in the
postculmination phase, primarily by P. silvestris,
appears to be largely responsible for massive sta-
bilization in 1977-1979.

New York Survey
Timothy Tigner

A cooperative survey was conducted in 1972 and
1973 by the Applied Forestry Research Institute,
State College of Environmental Science and Forestry,
and the New York State Department of Environmen-
tal Conservation (DEC) to determine the presence,
distribution, and relative abundance of insects
parasitizing the gypsy moth in New York State.
Subsequent annual surveys by DEC have contributed
supplemental records of larval and pupal parasitism
in 25 counties (DEC 1976, Birmingham 1978).

Parasite species recovered from the gypsy moth in
New York State are listed in table 4-14. All of these
occurred in every county (25) surveyed. Apparent
rates of parasitism were found to vary considerably
among species, times and sites, and according to
sampling method (Tigner 1974, Tigner et al. 1974).
During the initial survey, Blepharipa pratensis was
recovered at a much higher rate than other parasites in
most areas, but Parasetigena silvestris has been more
commonly obtained during the past 3 years. The
greatest fluctuations in apparent parasitism have been
recorded for Compsilura concinnata, presumably
because of its dependence upon alternate hosts. The
remaining species seldom emerged from more than 1
or 2 percent of field-collected host specimens.

The real contribution of parasites to gypsy moth
population dynamics can be known only after a
change in parasitism is demonstrated to cause a
predictable change in generation survival of the host.
This has not yet been done for any gypsy moth
parasite in the United States. Any reference, therefore,
to parasite “importance” or “effectiveness” is
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Table 4-15.— Peak parasitism totals by all parasites of gypsy moth larvae and pupae, based on

weekly samples during each year of study

Location
Year Tuckahoe Hawk Mt. Hickory Run Bald Eagle | Bald Eagle 11
1975 42 76 67 149 54
1976 34 62 58 30 30
1977 60 50 41 2 168
Mean 45 63 55 40 S1

'Gypsy moth populations collapsed here (populations in all other locations were relatively stable).
*Populations of gypsy moth larvae/pupae were too low for adequate sample size.

misleading. Gypsy moth parasites in New York were
evaluated only on an empirical basis (Tigner 1974).

It is apparent that parasites have not prevented the
gypsy moth from remaining a pest. The degree to
which parasites influence the frequency or duration of
host population outbreaks has yet to be elucidated. It
is unlikely, in any case, that established species can be
manipulated economically and predictably except
under extraordinary circumstances.

New Jersey Permanent Gypsy Moth Plot System, 1970-77
William W. Metterhouse

The Permanent Study Plot System was established
in New Jersey in 1970 to study the gypsy moth
populations within a woodland environment, with
special attention devoted to the evaluation of
biological control factors affecting the gypsy moth.
The system, as originally established, was composed
of 20 permanent plots, each approximately 1.6 ha in
size, in areas of varying degree of gypsy moth
population conditions. Since 1970, most of the plots
have advanced through the various progressive
population cycles, and certain trends in gypsy moth
population have been observed in the relationship of
various parasite species.

Years of survey results indicate the establishment of
seven species of parasites that were released and
established in the New England States during the

years 1905 to 1933. In addition, native parasites (three

pupal and five larval) and predators (four predaceous
beetles) have been found to attack the gypsy moth in
varying degrees.

As a result of survey efforts, which have closely
monitored the gypsy moth as it advances through

New Jersey, the trends in parasitism as related to the
different gypsy moth population levels have been
recorded. In the preoutbreak stage, the tachinid larval
parasite, Compsilura concinnata, is the first parasite
to be observed. This parasite was established in New
Jersey prior to the introduction of the gypsy moth,
having been recovered on alfalfa caterpillar, imported
cabbage worm, and other native hosts. In the
outbreak or culmination years, the tachinid larval
parasite, Blepharipa pratensis, the braconid larval
parasite, Apanteles melanoscelus, and the chalcidid
pupal parasite, Brachymeria intermedia, attain the
highest rate of parasitism. In the postculmination
years, the tachinid larval parasites, Parasetigena
silvestris and Compsilura concinnata, exhibit the
highest percentage of parasitism and thus appear to be
contributing importantly to the dampening or sta-
bilizing of the gypsy moth population.

Other parasites acting less significantly in the
stabilized areas are the tachinid parasite, Blepharipa
pratensis, and the braconid parasite, Apanteles
melanoscelus. The ichnemonid larval parasite,
Phobocampe disparis, and the predaceous beetle,
Calosoma sycophanta, are not widely established,
although P. disparis is being recovered in more places
each year. The egg parasite, Ooencyrtus kuvanae,
expresses maximum benefit during the year of gypsy
moth collapse and years of stability.

Only continued years of monitoring will provide
more complete answers, but present results indicate,
in stable areas, that parasites are host-density
dependent and appear to be factors contributing to
stability following the viral collapse of the gypsy moth
population. Wide-scale stabilization has occurred in



New Jersey, and more recently, some of these areas
are reexploding with damaging levels of gypsy moth
populations. Furture investigations of these reoccur-
ring populations should yield interesting facts about
parasite/ host relationships.

Observations on Parasites of the Gypsy Moth in
Pennsylvania and New Jersey
Robert Hedlund

Field collections of gypsy moth eggs, larvae, and
pupae were made during 1975-77 at five locations in
New Jersey and Pennsylvania. The objectives of these
collections were to determine which parasites of the
gypsy moth were present; the percentage of the host
population being parasitized; the differences, if any,
that existed in the species; and the effectiveness of the
parasites at different locations.

When possible, 100 larvae and/or pupae were
collected from each of 13 collection sites (distributed
among the five locations) each week beginning the
second week after hatch. These were reared in the
laboratory and observed for parasite emergence.
Twenty-five egg masses were collected from each site
during the winter months and dehaired in the
laboratory, and the number of parasitized eggs were
counted.

The maximum parasitism (during the 8-10 week
collection period) observed at each location in each
year is shown in table 4-15. Each number is the largest
percentage parasitism (total of all species of parasites)
detected during the season on a single sampling date.
Parasitism generally was low in the early instars and
increased as the larvae matured; however, because the
gypsy moth population is constantly declining, it
should be emhasized that 10 percent parasitism in the
early larval stages may be killing more individuals
than 50 percent parasitism of the pupae. In addition,
the “peak total parasitism” used here will always be a
conservative index because part of the parasitism that
occurs earlier (and/ or later) is not counted at the peak
but does contribute to the total population mortality.

In most years and locations, observations show that
nearly 30 percent of the gypsy moth egg population is
destroyed by Ooencyrtus kuvanae. In addition, 30 to
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76 percent of the gypsy moth pupae and large larvae
were killed by a complex of parasites. Parasitism of
early instars byApanteles melanoscelus and Compsi-
lura concinnata was low and decreased at most
locations during the 3 years, while parasitism of large
larvae by Blepharipa pratensis and Parasetigena
silvestris was moderate to high and increased during
the study. The pupal stage was seldom attacked by
parasites (although many larval parasites emerge
during this stage), except in most areas of heavy
defoliation, when Brachymeria intermedia was a
significant parasite.

In summary, these studies have shown that
parasites are more consistent and effective than had
previously been supposed, killing nearly 30 percent of
gypsy moth eggs and at least an additional 40-60
percent of the larger larvae and/or pupae collected.
No one species of parasite was superior in all years
and locations, indicating that a complex of species is
necessary for consistent mitigation of gypsy moth
populations. Introduction of additional parasite
species, especially those that attack small larvae, or
pupae, would be desirable in order to increase the
total mortality by parasites.

Forest Service Intensive Plot System in Massachusetts,
New York, and New Jersey
Richard C. Reardon

The Intensive Plot System established by the Forest
Service in 1972 (Campbell and Bean 1971) comprised
six study areas of 12 ha each in three States: Two each
in Massachusetts, New York, and New Jersey (fig.
4-16). Each study area was divided into six sites of 2
ha each. In 1972 and 1973, four techniques were used
to collect host larvae and pupae for parasite recovery:
General; stratified or 1/100-ha plot, 1972 and 1973,
respectively; burlap-band; and burlap band/tree
species (Reardon 1976).

In 1972, a total of 112,431 gypsy moth larvae and
pupae was collected, and total parasitism varied
between 4 and 17 percent in the different areas.
Among all areas, three species of tachinids—
Blepharipa pratensis (Meigen), Compsilura concin-
nita (Meigen) and Parasetigena silvestris (Robineau-
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Desvoidy)—accounted for 75.8 percent of the
parasites recovered. B. pratensis comprised 67.8
percent of the total; the braconid A. melanoscelus
accounted for 15.8 percent.

Parasite incidence was higher for host collections
from the tree bole than from the foliage (canopy) or
litter, while parasite species composition was similar
for the three strata. Also, there were more B. pratensis
and P. silvestris per larva collected under burlap
bands than by collections from ground, bole, and
foliage without the use of artificial niches.

In 1973, a total of 53,379 gypsy moth larvae and
pupae were collected, and total parasitism varied
between 3 and 18 percent in the different areas. The
recoveries of A. melanoscelus were down to
approximately 8 percent of the total parasitism,
whereas the combined parasitism of the 3 species of
tachinids increased to 78.4 percent of the total
measured parasitism. B. pratensis comprised approx-
imately 33 percent of the tachinid total.

Location of study areas
Area Location

A Harwich, Mass.
Ludlow, Mass.
Whitehall, N.Y.
Cobleskill, N.Y.
Clinton, N.J.

MmO 0w

New Lisbon, N.J.

Figure 4-16.— Location of intensive plot study areas
in the Northeastern United States, 1972 and 1973.

The chalcid B. intermedia (fig. 4-17) appears to be
the only parasite whose numbers increased with
percent defoliation, number of larvae and pupae, and
number of egg masses per 0.4 ha. Numbers of the hy-
perparasite B.-compsilurae were positively correlated
with numbers of B. intermedia and percent
defoliation, suggesting the attraction to open sunny
areas of both hyperparasites and primary-parasites of
the genus Brachymeria and indicating high host
density.

In low host-population levels, the numbers of P.
silvestris, B. pratensis, and C. concinnata were
positively correlated with numbers of host immatures,
while in areas of heavy defoliation, a negative
correlation seemed to exist. This may indicate a
critical level of defoliation, microclimatic change, or
combination of related factors whereby the tachinid
parasites demonstrate an avoidance mechanism.
Sisojevic  (1975) found a similar situation in
Yugoslavia for high-density larval populations of the
gypsy moth whereby B. pratensis and P. silvestris
were adversely affected. B. pratensis was affected by
complete defoliation prior to its oviposition as this
species oviposits a microtype egg on foliage (figs.4-18
and 4-19), whereas the abundance of gypsy moth
larvae distributed ovipositing P. silvestris females (fig.
4-20). Also, P. silvestris females would not oviposit
on starved and diseased host larvae; in fact, the
reduced relative humidity in the completely defoliated
stands forced P. silvestris to emigrate from such areas.

The general technique should be used for collecting
host immatures to estimate parasite incidence, as this
technique will provide data on parasite incidences and
species composition without a treatment effect (that
is, use of artificial niches). Whereas burlap-band and
burlap-band/ tree-species techniques should be used
only in an attempt to maximize parasite recovery,
because the incidences for A. melanoscelus, P.
silvestris, and B. pratensis will be high.

The 1972 and 1973 average percentage of
parasitism data (12 and 14 percent, respectively) as
determined by four collection techniques indicates
that parasites by themselves, as an individual
mortality factor, did not remove a significant
proportion of the host population and did not



function to limit the rate of increase of the gypsy moth
in these areas. Nevertheless, parasites did remove a
portion of the host population and in combination
with other mortality factors would have an influence
on the rate of increase of the host.

Parasite/ Gypsy Moth Interactions: Summary
and Suggested Areas of Future Research
Richard C. Reardon

Natural enemies are a stabilizing influence in
ecosystems, although there is lack of agreementabout
the relative importance of parasites, predators, and

Figure 4-17.— Female adult Brachymeria intermedia
(Ness) parasitizing a gypsy moth pupa.
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pathogens as separate components of the natural
enemy complex of the gypsy moth. Several of the
parasite species of the gypsy moth considered
important throughout Eurasia are established in
North America: Egg parasites (O. kuvanae and A.
disparis), small larval parasites (4. melanoscelus and
P. disparis), large larval parasites (B. pratensis, P.
silvestris, E. larvarum, and C. concinnata), and pupal
parasite (B. intermedia). Nevertheless, some species
considered important in Eurasia (A. porthetriae, A.
liparidis, Exorista spp., Palexorista spp., and Carcelia
spp.) have not been established in North America,
probably because of the unavailability of alternate

 §
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hosts. There are no reliable criteria for determining a
priori which species will be effective if they establish,
but this does not preclude the need to obtain
preintroduction information on voltinism, host
specificity, and diapause. The role of parasites as an
individual mortality factor is difficult to interpret
from both foreign and North American literature
because several life stages of the parasites and host
cannot be adequately sampled. The literature is rife
with generalizations concerning parasites as being
responsible for the low levels between outbreaks,
reducing the severity of outbreaks, etc; however,
supporting data have not been published either in the
foreign or North American literature. In fact, the
structure and interactions of the different species of
the parasite complex in various geographical areas,
forest ecotypes, and microhabitats are relatively
unknown. For many species, data on alternate host
requirements, dispersal, and impact of hyperparasites
are lacking. One logical approach to gathering data
on individual parasite species and complexes is a
cooperative effort from the many organizations
involved in the study of gypsy moth parasites. There is

Figure 4-18 — Female adult Blepharipa pratensis
(Meigen).

an urgent need for the development and use of
standardized techniques to sample host and parasite
populations across many geographical areas. More
intensive studies of those species established in North
America as well as of exotic species are needed to
understand their specific ecological requirements and
interactions with other species. Coordination of
parasite bioecology studies is essential in order to
assess more accurately the role of parasites in
regulating gypsy moth populations.

Additional studies are needed to elucidate the in-
teraction of parasites and infectious diseases in popu-
lations of the gypsy moth. This interaction might be
an important naturally occurring mortality factor
and/ or provide a mechanism whereby artificially con-
taminated parasites could transmit infectious diseases
and create foci for the initiation of epizootics. Also,
laboratory and field cage studies should be continued
to evaluate the potential of introducing parasites from
allied species to parasitize the gypsy moth.

Gypsy Moth Predators
Harvey R. Smith and Richard A. Lautenschlager

Introduction

The general role of predation in the population
dynamics of the gypsy moth has been discussed by
Campbell (Historical Review, in chapter 4), who
concludes that predation can regulate certain sparse
stable populations indefinitely. During the outbreak
mode, as during the decline phase, predation has no
significant impact, even though several bird species
exhibit a numerical response during these periods of
high prey abundance. In this section the interactive
and differential components of predation are
discussed as they relate to gypsy moth population
dynamics.

Gypsy Moth Behavior and Predation

At sparse levels, the gypsy moth in North America
exhibits an apparent defense behavior that evolved in
its native European habitat—the migrating of larvae
from the tree crown to the litter at the base of the host



tree. Campbell and Sloan (1976) suggested that this
behavior evolved in response to natural enemies (birds
and parasites) that were active in the canopy. In North
America, this downward migration increases the
insects’ vulnerability to mammals and often results in
high gypsy moth mortality.

Through natural selection, gypsy moth larvae
developed defenses against predation. These defenses,
such as warning coloration and stiff hairs, are
particularly important from the fourth instar to
pupation. Defense mechanisms such as these are
common to many Lymantriidae larvae. Buckner
(1966) pointed out that because of strong defense
mechanisms there are few vertebrate predators of
insects such as the forest tent caterpillar, Malacosoma
disstria Hubner, and the gypsy moth.

Despite these defenses, which may have limited
the number of gypsy moth predators in North
America, many predators do exist. Some appear
completely unaffected by these defense mechanisms;
others have developed ways of coping with or
circumventing them. It has been noticed that the
shorttail shrew (Blarina brevicauda) often attacks
gypsy moth larvae from the underside, removing
organs and fluid, while leaving the larval skin and
protective hairs intact. Yellow-billed cuckoos (Coc-
cyzus americanus) that ingest the larvae whole
periodically shed and regurgitate their stomach
linings, which have become imbedded with the larval
hairs (Wetmore 1965).

The migratory behavior of larvae raises some
interesting questions about its effectiveness for
survival of the species. In this country, birds still seem
to be an important regulatory force (Campbell and
Sloan 19774) which may tend to reinforce the larval
pattern of resting in litter at the base of a tree. But is
this behavior really protective, since larvae in the litter
are exposed to small mammals? Are the larvae
surviving only to become prey in the pupal stage? In
one study, Campbell et al. (19754) showed that only
those females that pupated above the litter (under
bark flaps) had a reasonable survival probability.

Bess (1961) and Bess et al. (1947) indicated that in
mesic forests survival is low when gypsy moths rest in
the litter and innocuous populations predominate.
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Campbell and Sloan (1976, 1977a) verified these
observations and presented further evidence that
vertebrates are essential in maintaining low popula-
tions. They estimated that vertebrates killed 70
percent of the pupae in a series of sparse, stable
populations and that white-footed mice, Peromyscus
leucopus, accounted for 40 pecent of those removed.

Gypsy moth larvae seeking a daytime resting
location often select the dark tunnels of small
mammals located just below the litter. In a sparse
gypsy moth population in Mashpee, Mass., which
showed no visible signs of defoliation, gypsy moth
larvae apparently favored these small mammal
tunnels as a resting location (Paszek 1977). An
Animal and Plant Health Inspection Service
(APHIS) field crew collected approximately 8,000
female sixth-instar larvae, prepupae, and pupae
within a 52-ha area almost exclusively from small
mammal tunnels located at the base of oak trees. Few
pupae were found anywhere else. Small mammal
predation was evident in these tunnels by the large
number of pupal fragments found. This behavior of
resting and pupating in small mammal tunnels has
also been observed in a study area in Connecticut.

Perhaps 100 years has not been sufficient time for
this behavior of migrating to a resting location to
change; however, it appears that little selection exists
against this behavior. Possibly the stimulus that
causes larvae in sparse populations to descend to the
litter and death for the majority may also insure a
stability that would not be as likely if the insect
remained in the tree. Such a possibility exists because
in these populations significantly higher survival
results when larvae rest above the litter (Campbell et
al. 19754, b). Higher survival could result in outbreak
densities that would eventually be controlled by
starvation or epizootics, both of which may reduce
populations to very low levels far below that of
predators (Craighead and Craighead 1969), hence a
less stable situation.

Predation and Population Stability

In each life stage, the gypsy moth becomes prey to
several animals, but until recently the role of predators
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in gypsy moth population dynamics was not well
documented. The predatory role of birds received
most of the attention of early naturalists. Forbush and
Fernald (1896), who based their findings on daytime
observations, considered birds the primary predators
of forest insects. They also mentioned amphibians,
spiders, and insects as predators; however, mammals
were ignored (except skunks were reported feeding on
adult female moths). Investigators at that time seldom
discussed nocturnal mammals or mentioned other
vertebrates.

Hamilton and Cook (1940) emphasized that the
beneficial role of small mammals in the economy of
the forest had received little attention. Bess et al.
(1947) were the first to suggest that small mammals
(mice and shrews) were important predators of the
gypsy moth. However, when Buckner (1966)
described the role of vertebrates in biological control
of forest insects, the situation still had not changed
significantly. Although more species of birds have
been identified as predators of the gypsy moth in this
country, mammals may have more impact on gypsy
moth populations.

An overview of the Eurasian literature earlier in this
chapter indicates that birds are the only vertebrates
recognized as important in regulating gypsy moth

Figure 4-19 —Blepharipa pratensis (Meigen) eggs on
foliage.

populations. However, the role of small mammals as
predators of the gypsy moth in Eurasia is not well
known. Possibly the level of protection afforded by
defense mechanisms that the gypsy moth evolved in
Europe may have been lessened in northeastern
American forests because potential predators and
habitats are different and the roles of birds and
mammals in the United States uniquely complement
each other.

Only Rotschild’s study is known to deal with
mammalian predators of the gypsy moth in Europe.
He reported that the remains of gypsy moth larvae
and pupae were found in the stomachs of Apodemus

Slavicollis and A. sylvaticus (Old World wood mice)

and Dyromys nitedula (the tree dormouse) in the
Soviet Union, and that the stomachs of these
mammals are often filled exclusively with the remains
of these insects. These European rodents, plus the
smaller Micromys sp. (the harvest mouse), have
characteristics that could make them important gypsy
moth predators: All eat insects, and the forest
dormouse and harvest mouse are skillful climbers.
Because there is little information in the literature, it
1s impossible to draw any firm conclusion about the
role of European mammals in gypsy moth population
dynamics. For example, one American scientist who

Figure 4-20.— Female adult Parasetigena silvestris
(R.-D) ovipositing on a gypsy moth larva.



visited the Soviet Union in 1975 was told that
Apodemus was not important in regulating gypsy
moth populations (Lewis 1978).

In northeastern American forests, two common
small mammals are important gypsy moth predators:
The white-footed mouse (fig. 4-21) and the shorttail
shrew (fig 4-22). Both readily eat gypsy moths, and
the white-footed mouse commonly climbs trees to eat
larvae, pupae and adults. Although European forests
contain a variety of shrews, including several Sorex
sp. (longtail shrews) and Crocidura sp. (the white-
toothed shrew), there is no equivalent of the North
American shorttail shrew.

Habitat differences also affect predator effective-
ness. The long, dry summers typical of the south-
central European forests where gypsy moths occur
may cause intense vegetation competition for
available moisture. This often results in forests with
more grasses and fewer shrubs in the understory
(Smith 1978). Such stands represent poor habitat for
the small mammals that depend on dense shrubs for
both food and cover and probably limit both the
number and diversity of small mammals. Except on
inherently xeric sites, such as ridgetops and sandy
soils, forests in the Northeastern United States are
usually quite moist and often have well-developed
shrub and herb layers that offer both food and cover
to small mammals and birds.

What is the relationship in North America between
predation and gypsy moth population stability within
the innocuous mode? This is difficult to answer
because the specific factors that lead to an outbreak
are not clearly understood. The hypothesis developed
by Campbell and Sloan (1977a) regarding the
determinants of numerical stability among the sparse
populations that were studied stated, “...year-to-
year numerical stability among these populations was
determined largely by a combination of predaceous
birds, which tended to concentrate on instar I[V-VI
larvae, and small mammals, especially Peromyscus
leucopus, which tended to concentrate on the pupae.”
Their results further demonstrated the importance of
predation. Predation, although it is a powerful
natural force that operates simultaneously with other
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physical and biotic forces such as climatic catastro-
phes, habitat limitations, food shortages, diseases,
and parasites, has limitations. Predation does not
exert constant pressure and as a suppressive force
does not reduce populations to levels as low as those
resulting from climatic catastrophes, starvation, and
epizootics.

In their discussion of predation, Craighead and
Craighead (1969) stated, “Although predation can be
the limiting factor, we should perhaps have a truer
concept of it if it were thought of not in terms of when
and how it may assume this role, but rather as a
regulatory force continually operating to lower prey
increase in proportion to prey density and to do this
before more drastic but less steadily functioning forces
become effective.”

Predation undoubtedly had a significant effect in
maintaining the sparse-stable populations studied by
Campbell and Sloan (1976, 1977a), Bess (1961), and
Bess et al. (1947). However, it would be inaccurate to
say that predators can control gypsy moth
populations or prevent outbreaks; predation is simply
one of many potential regulating factors. Although
predators can reduce the threat of outbreaks when
prey populations are in the innocuous mode, predation
will not control outbreaks. At this writing, the precise
role of predation in gypsy moth populations remains
unclear, because of the complexity of the predator
community and the many factors affecting predator
potential.

Although gypsy moth population densities respond
to predator pressure, periods of low predatory
pressure would not necessarily lead to an outbreak.
However, when low predatory pressure coincides with
other population-releasing mechanisms, an outbreak
would be more likely to occur. Campbell and Sloan
(1977a) showed that when birds and small mammals
were experimentally removed from an area, the gypsy
moth population in that area could increase tenfold
the following year. This increase clearly demonstrates
the suppressive force of predation within sparse
populations. The key to understanding the precise

“ role of predation in sparse populations lies in the

ability to identify alternative prey and foods, the
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availability of which coincides with that of the gypsy
moth and how abundance and predator preference
for these foods affect the selection of gypsy moths.

Predation Potential of Birds and Mammals

Although birds and mammals have been recog-
nized as important predators of the gypsy moth for
many years, it is only recently that their precise roles
within sparse gypsy moth populations have begun to
be understood and appreciated.

Two unique attributes of birds and mammals allow
them to achieve an economically important impact
potential: They are warmblooded, and they have a
highly developed learning ability. Because they are
warmblooded they require a tremendous amount of
food just to produce the energy necessary to maintain
body temperature. Adult birds may eat an equivalent

Figure 4-21. White-footed mouse, Peromyscus leucopus.

of one-third their weight per day, and young birds
often eat more than the equivalent of one-half their
weight per day (Chapman 1968). One study of food
consumption by birds and mammals in a 1,000-ha
virgin forest in Czechoslovakia indicated that the bird
population consumed food equaling about 25 percent
of its weight daily; the mammal community
consumed the equivalent of 20 percent (Turcek 1952).

Those mammals most useful as predators of forest
insects—mice, shrews, voles—eat weight equivalents
much greater than 20 percent of their own weight
every 24 hours. Shrews are alleged to consume their
own weight equivalent in food every day (Lowery
1974).

The other factor unique to birds and mammals is
the degree to which certain functions of the brain are
developed. Both birds and mammals learn to search



out places where various foods are found, concentrate
their foraging in those places, avoid insect defense
mechanisms, and seek insects or parts of insects that
are most palatable or desirable. For example, the
white-footed mouse prefers the larger female pupae to
the smaller male pupae and, after catching gypsy
moth larvae, eats only a very small portion of the
insect. Hoarding—a behavior associated with
learning and well developed in mammals—has been
demonstrated by shorttail shrews, which often gather
pupae and carry them underground to be eaten later.
An example of learning was observed on Cape Cod,
Mass. (ODell 1977). Shortly after sunrise, blue jays
(